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Preface
I knew during my Bachelor courses that I wanted to become a PhD candidate,
mostly because I wanted to experience how life as an academic scientist (in a
broad sense) is. During my Master courses I learned that besides a passion for
content, the people surrounding you are at least as important. With this in mind
I joined the group of Theo Rasing, working on investigating magnets with lasers
(which still sounds cool).
Theo, thank you for giving an inspiring lecture at the University of Twente a
few years ago, it made me aware of a scientific field which I wanted to investi-
gate further. Of course I am also grateful that you gave me the opportunity to
investigate this scientific field in your group. It always made me happy to see
an enthusiastic friendly person at the head of the group. I should also note that I
was delighted to hear that I was employed via FOM. I knew beforehand that FOM
has a genuine interest in the personal development of her employees.
My supervisor within the group became Alexey. I wanted to work for Alexey
as when I met him for the first time, he asked me questions which intrigued me.
I very much appreciated the literal open door of Alexey’s office and the excellent
scientific discussions we had.
Besides discussing with Alexey, I could meet regularly with Rostislav. Ros-
tislav started a little bit before me as a Postdoc on the new THz project. His PhD
work on THz magnonics provided an excellent starting point for developing THz
related projects in Nijmegen. I liked the discussions we had on various topics. I
wish Rostislav good luck with his goal to become professor.
Together with Rostislav and our technicians, Tonnie, Sergey, Albert and An-
dré we managed the setup and I am very happy with all developments made,
thank you all for this. I still remember starting with little more than a basic THz
time-domain setup. Now we have rotation stages, a cryostat, the possibility to
use different wavelengths, a whole new setup centered around a 7 Tesla magnet
and everything automatized.
Over time, we developed a large variety of possible measurements, but for
several things, especially samples, we were dependent on external people, for
who I am grateful. In special I would like to thank Arata, Diogo and Chiara. Arata
provided us with rare-earth transition metal alloys, which are amazing samples
when looking at the numerous studies performed on them. Diogo was a guest
researcher when I started my PhD project and I usually can get a good laugh with
him. Half-way my PhD project Diogo supplied various samples which proved to
be more interesting than I thought and made me very curious about spintronics.
Chiara came as a guest researcher near the start of my last year of my PhD project.
I liked a lot the knowledge see brought with her, her perspectives on science, and
the conversations we had.
During my longer stays away, like a summerschool or a conference, I heard
i
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regularly people saying “I never have so much fun at work”. For me these longer
stays away were also fun, but in my group I usually have more fun. For example,
we have a very dedicated table-soccer community with an actively developing
language. I thank the numerous people of our group for keeping the group social.
In special I would like to thank Albert and Valeriy. For me you guys prove that
cluster research may actually attract the most fun people. Marilou and Sisca,
thank you for helping with the administrative tasks I encountered.
During the past few years there were several other people and experiences
also impacting the way I think. Regarding working attitude I think I owe some to
my brother Simon, who I worked with a year before my PhD project. Statements
like “be pragmatic” and “the real progress happens in the lab” for sure made me
think of what kind of scientist I want to be. Strangely enough, a mountaineering
course during the first year of my PhD project thought me something similar:
stay focused and push further. I am very happy that my brother seems to enjoy
his current job and like always he provides an example for me of how my future in
a few years could look like. Similarly, my parents always support me, whether it
is something like studying or moving, they are always there for me. The way they
tread me, my brother and my girlfriend is a great example for me. My girlfriend,
Marieke, always provides a good reason to come home not too late. I am very
happy that she wants to spend her time with me. I like that we can talk about ev-
erything, which certainly helped numerous times when things at work felt heavy.
I find it hard to make time for all my family and friends, but it is certainly worth
it!
As a last part of my PhD, I would like to thank my manuscript and defense
committee. So now I experienced academic life in a social group like I wanted. I
think academics, or fundamental research in general, has some very good peo-
ple who are genuine motivated to learn more and who may thereby make our
lives a bit better. I think fundamental research is an inspiring environment to be
in, but like any environment it is not ideal. I strongly feel for trying a company
environment next and see how that works out.
Thomas Huisman - 2016
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CHAPTER 1
Introduction
The idea to utilize not only the charge but also the spin of electrons in the op-
eration of electronic devices has led to the development of spintronics. In just
a few decades spintronics developed from a novel scientific idea to a worldwide
standard technology for data processing and storage. Spintronics is currently
the standard technology used for reading out magnetically stored data [1]. Fur-
thermore, spintronics also found commercial applications for writing data and
is actively developing further [2, 3]. Generation, control and detection of spin-
polarized currents, spin-dependent electric transport and pure spin currents on
the subpicosecond (10−12 seconds) timescale are the next challenges in spintron-
ics. The work presented in this thesis addresses exactly these aspects that are
crucial for the development of ultrafast spintronics.
1.1 Introducing ultrafast magnetism
The seminal observation of subpicosecond light induced demagnetization in
ferromagnetic nickel two decades ago [4] can be considered as a key breakthrough
towards ultrafast spintronics. Since many spintronic devices nowadays are based
on ferromagnetic metals, the understanding of ultrafast magnetization and elec-
tron transport dynamics in these materials (see also Fig. 1.1) will be essential for
the development of ultrafast spintronics.
The ultrafast magnetization dynamics in magnetic metallic materials is mainly
explained by laser induced heating, i.e. light from the laser is absorbed by the
electrons and as a consequence induces demagnetization. However, this laser
induced heating goes beyond the classical heating of a ferromagnet in a thermo-
dynamical approach, as it occurs on a subpicosecond timescale in which there
is no thermodynamical equilibrium between the electrons, spins and lattice.
Moreover, about a decade ago, it was shown that the magnetization of mag-
netic metals could be fully reversed with light alone [5], which was recently demon-
strated again in very commonly used spintronic materials [6]. It is no doubt, that
the ability to control and monitor the magnetization and conductivity on an ul-
trashort timescale using light, has the potential to make spintronics ultrafast.
Ultimately this would enable to store and process information at the unprece-
dented terahertz (THz, 1012 Hz) frequency range.
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Figure 1.1: An intense laser pulse, the pump, can induce ultrafast magnetization dynam-
ics (M), current dynamics (j) and changes to the conductivity (σ) of a ferromagnetic metal.
The vertical dashed line in the graphs indicate the moment at which the pump pulses ar-
rive at the sample.
1.2 THz spectroscopy for THz spintronics
Despite many ingenious experimental approaches designed to unravel the ori-
gin and improve applicability of ultrafast magnetization dynamics, especially
in metals, ambiguity remains in what is happening microscopically. A major
source of this ambiguity comes from the fact that the commonly used light only
probes magnetization and electron transport indirectly, due to the high energy
per photon of light. The typical timescale of laser induced dynamics will be
(sub)picoseconds. Hence the relevant energy scale is at THz frequencies, rather
than the almost 1015 Hz of visible light. Studying the laser-induced dynamics
exactly at the relevant frequency range, THz, remained up till now a relatively
little explored area of interest. In this thesis, we combine ultrafast visible radi-
ation with radiation at terahertz frequencies in order to obtain novel insight in
spintronic materials and ultrafast dynamics within them.
1.3 Outline of this thesis
In chapter 2 we introduce magnetism and magnetotransport, after which we
describe the experimental methods used in this thesis in chapter 3. We con-
tinue with demonstrating that THz time-domain spectroscopy can be employed
as both an ultrafast Ampèremeter and magnetometer in materials relevant for
spintronics. In particular, chapter 4 shows that THz spectroscopy is a powerful
probe of magnetotransport in magnetic semiconductors and chapter 5 shows
how it also can be applied to observe magnetization dynamics in various mag-
netically ordered metals. In chapter 6 we describe how the sensitivity of THz
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spectroscopy to both charge and spin dynamics allowed us to discover how laser-
induced magnetization dynamics, combined with spin-orbit interaction can gen-
erate subpicosecond electrical current pulses.
Finally, in chapter 7 we describe an experiment which encompasses our ul-
timate goals for investigating THz spintronics. In this chapter we show that THz
radiation can measure magnetotransport in thin metallic films and we show how
a laser can induce sub-100 picosecond currents. In fact, this experiment mim-
ics sub-100 picoseconds operation of a spin transistor, where the source-drain
voltage is applied from a freely propagating THz wave and a femtosecond laser
pulse plays the role of the gate by acting on the magnetic ordering.
1.4 References
[1] A. Fert, Nobel Lecture: Origin, development and future of spintronics, Review
of Modern Physics, 80, 1517 (2008)
[2] N. D. Rizzo, et al., A Fully Functional 64 Mb DD3 ST-MRAM Built on 90 nm
CMOS Technology, IEEE Transactions on Magnetics, 49, 4441 (2013)
[3] J. J. Nowak, et al., Dependence of Voltage and Size on Write Error Rates in
Spin-Transfer Torque Magnetic Random-Access Memory, IEEE Magnetic Let-
ters, 7, 3102604 (2016)
[4] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, Ultrafast Spin Dy-
namics in Ferromagnetic Nickel, Physical Review Letters, 76, 4250 (1996)
[5] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto, A. Itoh, and
Th. Rasing, All-Optical Magnetic Recording with Circularly Polarized Light,
Physical Review Letters, 99, 047601 (2007)
[6] C. H. Lambert, S. Mangin, B. S. D. Ch. S. Varaprasad, Y. K. Takahashi,
M. Hehn, M. Cinchetti, G. Malinowski, K. Hono, Y. Fainman, M. Aeschli-
mann, and E. E. Fullerton, All-optical control of ferromagnetic thin films and
nanostructures, Science, 345, 1337 (2014)
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CHAPTER 2
Introduction to magnetism and magnetotransport
Here we will provide a brief introduction into magnetism and magnetotransport.
First we will deal with some of the basic concepts governing magnetization and
magnetic ordering, which is partly inspired by the description provided in [1].
This is followed by a section on rare-earth transition metal alloys, which will be
studied in chapters 5 and 7, and which have several interesting distinct magnetic
properties. At last we introduce some concepts of magnetotransport, which are
crucial for (THz) spintronics.
2.1 Origin of magnetism and magnetic energies
Magnetism commonly comes from the magnetic moments of the electron. Mag-
netic momenta associated with electrons originate from their intrinsic spin an-
gular momentum s and from their orbital angular momentum l caused by the
motion of the electron. In a multi-electron system, these angular momenta need
to be summed to give the spin angular momentum S , the orbital angular mo-
mentum L and the total angular momentum J = L + S . The electrons in the
ground state of a single atom can typically be described according to Hund’s rules
[2]:
1. Consistent with the Pauli principle, the state with the highest S will have
the lowest energy.
2. For a given S , the highest L consistent with overall antisymmetrization,
will have the lowest energy.
3. If a subshell is no more than half filled, then the lowest energy level has
J = |L −S |; if it is more than half filled, then J = L +S has the lowest energy.
The total magnetic moment (µ = γJ , with γ being a constant called the gyro-
magnetic ratio) of rare-earth elements can be reasonable well approximated with
Hund’s rules. The reason for this is that the magnetic moment in these type of
materials is dominated by the uncompensated spins in the 4 f electronic shell
which is buried and well shielded by other electronic shells.
In many other materials, Hund’s rules are not a satisfying explanation for
magnetism, because when putting multiple atoms together, the electron wave-
functions start to overlap. It is then the question, how the kinetic energy, poten-
tial energy and the Pauli principle balance out in order to favor either parallel or
antiparallel alignment of spins. In order to describe this, typically the Heisen-
5
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berg Hamiltonian is introduced:
HE =−
∞∑
i 6= j
Ji j S i ·S j (2.1)
withJi j the exchange constant which indicates the strength of the coupling be-
tween spins and i , j indicating different spins. Note that while the Heisenberg
Hamiltonian can always be used as a phenomlogical model, the sign and ampli-
tude of the exchange constant may vary between different microscopic models
used. Depending on the sign of this exchange constant, the ground state as de-
scribed by the Heisenberg Hamiltonian favors either a parallel or an antiparallel
spin alignment, or in other words, ferromagnetic or antiferromagnetic ordering
(see also section 2.2). Since ferromagnetism has its origin in quantum mechan-
ical principles and is still present at temperatures far above roomtemperature,
magnetism is sometimes also referred to as the strongest quantum mechanical
phenomenon.
Now besides magnetic ordering, the magnetic momenta in many cases will
also have a preferred direction, for instance the magnetization of a fridge mag-
net will typically not rotate 90 degrees. In general we can say that this comes
from magnetic anisotropy, which means that there are some forces acting on the
magnetization which are anisotropic in space. For many cases, this magnetic
anisotropy can be described by uniaxial anisotropy, that is, the preference for
the magnetization to orient along a specific axis called the easy axis. Uniaxial
anisotropy can be described by
HA = Ku sin
2θ (2.2)
with Ku being the uniaxial anisotropy constant and θ the angle between the
magnetization and the easy axis. From the uniaxial anisotropy it follows that the
magnetization prefers to align either parallel or perpendicular to the easy axis.
Note that the uniaxial anisotropy applies to each individual spin, rather than the
magnetization as a whole, which is important when not all spins have the same
angle with the easy axis.
Before introducing some specific forms of magnetic anisotropy, we introduce
a third magnetic interaction, namely the Zeeman interaction. The Zeeman effect
is the effect in which the magnetization starts to align with the magnetic field
present, which can be presented as:
HZ =−µ ·B (2.3)
with B being the magnetic field. From just considering the exchange interaction
and the uniaxial anisotropy, there is degeneracy for the spin direction with the
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lowest energy. The Zeeman interaction can lift this degeneracy and for example,
if it is strong enough to overcome the anisotropy energy, it can flip the magneti-
zation direction of a ferromagnet.
One form of magnetic anistropy is the magnetocrystalline anisotropy. The
main origin of this anisotropy is the so called crystal field, which is the static
electric field locally present in a solid state structure due to the surrounding
charges. In a simple picture, the electrons traveling at high speed in such ma-
terials may perceive the static electric field as a magnetic field in their reference
frame, which can couple to the spin of the electron similar to the Zeeman inter-
action. This effect is also known as a form of spin-orbit coupling, i.e. the interac-
tion between the motion and spin of a particle. Magnetocrystalline anisotropy
can originate from the crystalline structure of materials, but may also be due to
the anisotropic growing of materials, such that the material has different prop-
erties along one axis compared to another axis. Magnetocrystalline anisotropy
can also be present near interfaces.
The second form of magnetic anisotropy which we will consider is shape
anisotropy, which literally depends on the shape of a material. The shape aniso-
tropy has its origin in the magnetic field arising from the magnetization, which
can act via the Zeeman interaction on its surrounding. For example, it can be
imagined that magnetic dipoles inside a thin magnetic rod like to align parallel
to the rod because their magnetic moments will then align with the magnetic
fields they create. On the other hand, if the rod becomes very thick, this is not
necessary true anymore, and magnetic domains may form in order to reduce the
overall energy.
2.2 Magnetic structures
In the previous section we have seen several magnetic interactions which tend
to align the spins in their own way. It may therefor not be surprising that a large
diversity in magnetic ordering exists. Figure 2.1 presents some of these magnetic
orderings. In Fig. 2.1(a) we show ferromagnetic ordering in a single material. All
magnetic momenta align in this case, resulting in a large net magnetic moment.
In contrast, in Fig. 2.1(b) and (c) we can see partial and full random orienta-
tion of magnetic momenta, resulting in asperomagnetism and paramagnetism,
respectively. Effects of random spin ordering may have several origin, for exam-
ple a weak anisotropy compared to the temperature may result in paramagnetic
ordering. Another example is in amorphously grown samples, in which there
may be a competition between parallel and antiparallel magnetic momenta or-
dering, leading to locally varying magnetic frustration and a somewhat random
magnetic momenta ordering.
A very different type of magnetic ordering is presented in Fig. 2.1(d). Here
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Ferromagnetism Asperomagnetism Paramagnetism
Antiferromagnetism Ferrimagnetism Sperimagnetism
M
M
M
M
M M
(a) (b) (c)
(d) (e) (f)
Figure 2.1: Different types of magnetic ordering. The blue and red arrows indicate local
magnetic momenta, while the black arrows represent the resulting net magnetization.
Note that the ordering of magnetic momenta may fluctuate somewhat with time, espe-
cially for paramagnettic ordering.
the magnetic momenta are aligned anti-parallel due to a negative exchange con-
stant, resulting in a net zero magnetic moment. Nonetheless, antiferromagnets
have a clear magnetic ordering, which is at least as common as ferromagnetic
ordering.
Figure 2.1(e) and (f ) show situations in which we have an alloy or composi-
tion of two or more different materials. In such situations it can occur that the
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magnetic momenta of two different materials are oppositely aligned, but have
a different value. This results in a partially compensated anti-ferromagnetic or-
dering as shown in Fig. 2.1(e), called ferrimagnetism, or into sperimagnetic as
shown in Fig. 2.1(f), when some random ordering is added.
In this thesis we investigated samples having different types of magnetic or-
dering as function of both temperature and field. To illustrate the dependencies
of the magnetic orders on temperature and field we have included Fig. 2.2. In
Fig. 2.2(a) we can see that the magnetization of a ferromagnet as function of
temperature decreases with increasing temperature up to the Curie temperature
(TC), after which the ferromagnetic ordering will become paramagnetic. Anti-
ferromagnetic ordering shows a similar trend, as is apparent from Fig. 2.2(b). As
function of temperature the magnetization of the magnetic sublattices decreases
and disappears at the Neél temperature (TN), after which the antiferromagnetic
ordering transforms into a paramagnetic ordering. For a perfect antiferromag-
net, the total magnetization remains zero over the whole temperature range. A
ferrimagnet is in some sense both a ferromagnet and antiferromagnet and can
show as a consequence an interesting temperature dependence. Figure 2.2(c)
shows that the magnetic sublattices of a ferrimagnet may have different temper-
ature dependencies, which may result in a compensation temperature (TM) at
which the magnetic sublattices compensate like in an antiferromagnet and at
which the total magnetization is zero.
Figures 2.2(d)-(f ) show the magnetization parallel to the applied field, as func-
tion of applied magnetic field. The solid line represents the magnetization par-
allel to the easy axis, while the dashed line represents the magnetization per-
pendicular to the easy axis. Figure 2.2(d) assumes that there is a ferromagnetic
ordering which at zero applied field is parallel to the easy axis. When a magnetic
field perpendicular to the easy axis is applied, the magnetization starts to cant
away from the easy axis, until it is fully perpendicular to the easy axis. Figure
2.2(e) shows that applying a field to an antiferromagnet can result in a magnetic
moment. If the field is applied perpendicular to the easy axis, both magnetic
sublattices start to cant parallel to the applied magnetic field, hence resulting in
a net magnetization, up till the point when all the magnetic momenta are fully
parallel to the applied field. When the field is applied parallel to the easy axis, the
total magnetization remains zero up to the point when the Zeeman interaction
overcomes the anisotropy. At this point, the magnetic momenta rotate suddenly
90o, known as a spin-flop transition, such that the magnetic momenta can grad-
ually cant parallel to the applied field. Ferrimagnetic ordering as shown in Fig.
2.2(f ) has a very similar field dependence as antiferromagnetic ordering, except
for the fact that initially there is some net magnetic moment parallel to the easy
axis.
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Figure 2.2: Temperature and field dependence of ferromagnetic, antiferromagnetic and
ferrimagnetic ordered magnetic momenta. (a)-(c) The magnetization of magnetic sublat-
tices M1 and M2 are shown as function of temperature together with the resulting magne-
tization. (d)-(f ) The magnetization parallel to the applied field as function of the applied
magnetic field is shown. The solid lines correspond with the applied field parallel to the
easy axis, while the dashed lines correspond with the applied field perpendicular to the
easy axis.
2.3 Rare earth transition metal alloys
A special class of magnetic materials arise from combining rare earth metals with
3d transition metals. Iron, cobalt and nickel are such 3d transition metals which
are known to be excellent ferromagnetic materials, retaining their ferromagnetic
ordering up to a temperature of about a 1000 K. Their large Curie temperatures
arise from the spatially large overlap in the electron wavefunctions, which spans
several atomic radii, and allows for strong exchange coupling between the elec-
trons.
2.3. Rare earth transition metal alloys 11
Contrary, magnetism in rare earth metals is strongly determined by the filling
of electrons in the 4f electronic shell. As mentioned in section 2.1, the electronic
wavefunctions in the 4f shell are strongly confined and shielded from their sur-
rounding. As a consequence the exchange interaction is relatively weak in these
materials and the Curie temperatures are typically far below room temperature,
except for gadolinium. However, whereas iron and cobalt have a magnetic mo-
ment of about 2 Bohr magneton per atom, rare earth transition metals can have
much larger magnetic momenta. For instance, neodymium has a magnetic mo-
ment of about 3 Bohr magneton per atom and gadolinium even 7 Bohr magne-
ton per atom [3]. Moreover, since the orbital momentum depends heavily on the
type of rare earth metal used, spin-orbit coupling and therefore magnetocrys-
talline anisotropy, can be tuned with the rare earth metal used. For instance,
the magnetic moment of neodymium is determined mainly by its orbital mo-
mentum as it is expected to be four times larger than its spin moment, while for
gadolinium the orbital momentum is expected to be zero.
The electrons in the 4f shell of rare earth metals have an overlap with the elec-
trons in the 5d electronic shell, which become itinerant in the bulk. In this way,
electrons from the 3d electronic shell in transition metals can indirectly couple
to the electrons in the 4f shell of the rare earth metals, allowing to combine mag-
netic properties of rare earth and transition metals in their alloys. In such cases,
the spin momenta of the rare earth metals are coupled antiparallel to the spin
momenta of the transition metals. However, when the 4f electronic shell is less
than hall filled, the orbital momentum of the rare earth metals is larger than their
spin angular momentum and oppositely oriented to the spin angular momen-
tum (J = |L −S |). Hence, in these cases the rare earth transition metal alloys
are more or less ferromagnetic with two magnetic sublattices. When the 4f elec-
tronic shell is more than half filled, the spin moment and orbital moment of the
rare earth metals are parallel to each other (J = L +S ) and oppositely oriented to
the spin moment of the transition metal, hence creating a ferrimagnet. As the ex-
change coupling between the electrons of the transition metal is much stronger
than the exchange couplings between the rare earth metal electrons or between
the rare earth metal and transition metal electrons, the magnetization of the rare
earth metal decreases much faster with temperature than that of the transition
metal. Hence, tuning the concentration of rare earth metals with at least a half
filled 4f shell, allows to create a ferrimagnet which has a compensation temper-
ature as presented in Fig. 2.2(c). Moreover, it is known that gadolinium-iron-
cobalt alloys have an in-plane magnetic anisotropy for a gadolinium concen-
tration lower than about 20% or higher than about 30%, while for a gadolin-
ium concentration in-between, the magnetic anisotropy can be out-of-plane.
Combining rare earth metals with 3d transition metals in different ratios and
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with different elements, allows to tune the magnetization, magnetic ordering,
Curie temperature, compensation temperature and magnetic anisotropy, mak-
ing these type of alloys very interesting for both fundamental studies and appli-
cations.
It should be noted that the magnetic structure of rare earth transition metal
alloys, are typically of the type asperomagnetism or sperimagnetism, see Fig. 2.1.
For the rare earth metals it is known that their strong single-ion magnetocrys-
talline anisotropy together with their random distribution can lead to a distri-
bution in their magnetic moment orientation [4–6]. The angle over which the
magnetic momenta are distributed depends mainly on the exchange coupling
between the rare earth metal and transition metal electrons compared to the
single-ion anisotropy. On the other hand, it was found that also the magnetic
momenta of the transition metals are somewhat randomly distributed. The ori-
gin for this is as mentioned in the previous section: there can be a competition
between parallel and antiparallel magnetic momenta ordering, which in amor-
phously grown samples leads to a somewhat random distribution of the mag-
netic momenta.
2.4 Magnetotransport phenomena
Normal charge transport is established by applying a voltage, so that the result-
ing electric field will act as a force on the charge carriers according to F = qE ,
with q the charge of the charge carriers. Since the charge carriers can typically
not travel freely through a material, due to nuclei charge potentials, imperfect
growing conditions and impurities, they will scatter while moving, hence experi-
ence electrical resistance. With magnetotransport the electrical transport is fur-
thermore subjective to externally applied magnetic fields or internal magnetic
ordering.
We will first deal with the Hall effect (HE), see also Fig. 2.3(a). The Hall ef-
fect is the phenomenon in which the direction in which charge carriers travel is
deflected perpendicular to the original direction (with velocity v ) and perpen-
dicular to an externally applied magnetic field (B ), resulting in a transverse elec-
tric current (Jx y ). The Hall effect originates from the Lorentz force: F = qv ×B .
Changing the sign of the applied magnetic field also changes the sign of the di-
rection in which the charge carriers are deflected, hence this phenomenon is odd
with respect to the applied magnetic field. For a further microscopic modeling
of the (anomalous) Hall effect, we refer to chapter 7.
The anomalous Hall effect (AHE) [7] is phenomenologically similar to the Hall
effect, except that the anomalous Hall effect is sensitive to the internal magnetic
ordering rather than to an external applied field, see also Fig. 2.3(b). Spin-orbit
interaction plays a central role for the anomalous Hall effect, either by an effec-
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Figure 2.3: Schematics of the Hall effect, anomalous Hall effect and spin Hall effect. (a)
With the Hall effect an external magnetic field B deviates the path of a current Jx x as to
create also a tranversal current Jx y . (b) The anomalous Hall effect is phenomenological
similar to the Hall effect, except that the external magnetic field is replaced with the in-
trinsic magnetization M . (c) The spin Hall effect is similar to the anomalous Hall effect,
except for that there is no magnetization to align the spins, which make opposite spins
travel in opposite directions resulting into a spin current Js .
tive electric field which may be present in the bulk or due to spin-dependent
scattering of the charge carriers. The anomalous Hall effect will deflect spin-up
and spin-down charge carriers perpendicular to their original direction and per-
pendicular to the direction of the spin. Hence, when for example spin-up charge
carriers are deflected to the right, spin-down charge carrier will be deflected to
the left. Since the anomalous Hall effect is established in magnetically ordered
materials, typically in a ferromagnetic phase, the spin-up and spin-down popu-
lation is not equal and therefor the deflection of spin-up and spin-down charge
carriers in opposite directions will result in a net movement of charge carriers
perpendicular to their original direction. Note that while with the Hall effect
the charge carriers are always deviated according to the Lorentz force, with the
anomalous Hall effect the sign and amplitude of the resulting transversal current
may vary between different elements.
The spin Hall effect (SHE) [8] is on its turn very similar to the anomalous Hall
effect, see Fig. 2.3(c). Indeed the spin Hall effect can be regarded as the anoma-
lous Hall effect in materials without magnetic ordering. In these materials, spin-
dependent scattering like in the anomalous Hall effect may still occur, such that
spin-up and spin-down electrons get scattered in opposite directions, hence cre-
ating a net movement of spins, Js . The spin-Hall effect can be especially strong
in 5d metals like platinum, which have heavy nuclei and as a consequence also a
large spin-orbit interaction. With the spin Hall effect, a build-up of spins can oc-
cur near the edges, or alternatively if the material edges are connected with elec-
tronic wires, a net flow of spin can arise without a net flow of electrical charge. A
net flow of spins without a flow of charges is called a spin current, whereas if there
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is both a flow of charge and spins, we are dealing with a spin-polarized current.
A spin-current is of particular interest, as it may be sustained without electrical
resistivity, which may provide energy efficient data processing. Conveniently for
spin current applications, there is also the inverse spin-Hall effect (ISHE), which
as the name suggests, is the effect in which a spin current is transformed into a
charge current.
Another important spin-orbit interaction effect is the Rashba effect (RE) [9].
Whereas the (inverse) spin-Hall effect can be sustained in any bulk material due
to spin-dependent scattering, the Rashba effect arises from an internal electric
field present, similar to one of the causes of the anomalous Hall effect. The re-
quired electric field for the Rashba effect can come from both bulk inversion
symmetry breaking, or from surface or interfacial inversion symmetry break-
ing. Note that many structures can support the anomalous Hall, spin-Hall and
Rashba effect simultaneously, making it tedious or many times impossible to dis-
tinguish these effects. On the otherhand, similar to the Rashba effect, there is the
Dresselhaus spin-orbit interaction, which is distinct only by symmetry, as shown
in Fig. 2.4. This figure shows that these two interactions have a different spin ori-
entation as function of the wavevector, which originates from the difference in
crystal symmetry. The Rashba effect is sustained by uniaxial symmetry, whereas
the Dresselhaus effect is sustained by for example zincblende crystal structures
like GaMnAs [10, 11].
So far we have only discussed magnetotransport phenomena which depend
linearly on the direction of the magnetic field, magnetization or spins. How-
ever, there are magneto-transport phenomena which deviate from this, like the
anisotropic magnetoresistance (AMR). Anisotropic magnetoresistance [12] is the
change in the longitudinal resistivity due to the application of a magnetic field,
see also Fig. 2.5(a). Whether the current is parallel or antiparallel to the magne-
tization direction does not matter for the anisotropic magnetoresistance effect,
as it scales with the spin-orbit interaction squared [12]. Anisotropic magnetore-
sistance is a material property which can be somewhat tuned with the chemical
composition, and typically has a magnetization induced change in the resistivity
up to a few %. However, similar effects, but orders of magnitude stronger can be
achieved by making use of interfaces. To understand this, we consider a metallic
ferromagnet. In such a magnet there are spin majority and minority electrons;
the spin majority electron band is more populated and shifted in energy with re-
spect to the spin minority electron band in order to result into ferromagnetism.
As a consequence, the conductivity and scattering time of spin majority and mi-
nority electrons also differ with respect to each other and a ferromagnetic metal
can act as a spin filter [12].
Making a trilayer stack of two of such ferromagnetic metals separated by a
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Figure 2.4: Symmetry of spin-orbit interaction as function of the wavevector in 2 dimen-
sions. (a) Spin orientation of electrons at the Fermi level for the Rashba spin-orbit inter-
action. (b) Same as (a), but now for the Dresselhaus spin-orbit interaction.
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Figure 2.5: Schematics of the anisotropic, giant and tunnel magnetoresistance. (a) With
the anisotropic resitance a current parallel and perpendicular to the magnetization, J‖
and J⊥ respectively, experience a different magnetic field induced conductivity. (b) For
observing the giant and tunnel magnetoresistance, typically a trilayer is used of which
the outer layers are ferromagnetic layers separated with a third layer. If the magnetiza-
tion of the two magnetic layers are aligned, current can easily pass through, while if the
magnetization of these two layers are oppositely aligned, current can hardly pass through.
third material allows to generate stronger magnetoresistance effects, see also Fig.
2.5(b). If the separation layer in such a trilayer is a metal, the overall conductiv-
ity of the trilayer will be good (metallic like) and such a trilayer structure is called
a spin valve. A spin valve can exhibit strong magnetoresistance effects, called
the giant magnetoresistance (GMR) [13]. The magnetization induced change of
the resistivity for these type of structures can typically be up to a few tens of %.
The role of the first ferromagnetic layer, is to spin-filter (or spin-polarize) the
electrical current. The role of the separation layer is to decouple the two mag-
netic layers and to introduces as less as possible scattering in which the spin
direction may change. This usually means that metals with little spin-orbit in-
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teraction, e.g. copper, are used for the separation layer. If the magnetization
of both ferromagnetic layers are parallel, the spin-polarized current generated
from the first magnetic layer will experience little scattering in the second mag-
netic layer. However, if the second magnetic layer has opposite magnetization,
the spin-polarized current will experience a lot of scattering in the second layer.
So by turning the magnetization of one of the ferromagnetic layers independent
from the other one, for instance by turning the applied magnetic field and hav-
ing one layer with a very strong magnetic anisotropy, the overall scattering and
hence conductivity of the trilayer can be tuned.
If in a spin valve structure the separation layer is replaced with an insulating
layer, we can increase the magnetization induced change to the resistivity further
up to a few hundreds of %. Such a structure, consisting out of two ferromagnetic
layers seperated by an insulating layer, is called a magnetic tunnel junction and
the strong magnetoresistance effect arising from it is called the tunnel magne-
toresistance (TMR). The reason for the increased performance of magnetic tun-
nel junctions compared to spin valves, is because the insulating layer restricts
the partial in-plane wavevectors allowed for electrons to pass through. If these
wavevectors correspond only to the wavevectors of those electrons most sen-
sitive to the magnetic ordering, the percentage of magnetoresistance increases
[14]. From an application point of view, the highest possible magnetization in-
duced change to the resistivity may be nice to have, but with that it should be
noted that a tunnel junction may have a much worse conductivity than a spin
vale.
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CHAPTER 3
Experimental methods
In this chapter we treat the experimental methods and equipment employed in
this thesis. We make use of short laser pulses, which make it possible to initiate
and observe magnetization and electron dynamics on a time-scale of a few fem-
toseconds (10−15 seconds). While the fast majority of such experiments are done
with visible light, in this thesis we combine techniques at optical and terahertz
(THz) frequencies. We show in this thesis several methods of how THz radiation
can be used as a way to probe magnetization and electron properties, the basics
of which are discussed in this chapter.
3.1 Measuring magnetization with light
Most of the magneto-optical interactions are the direct or indirect result of en-
ergy levels splitting in the presence of a magnetic field, which is essentially the
Zeeman effect [1]. A simple example occurs when the magnetic ordering of a
material or an external magnetic field is directed parallel to the propagation of
light. The magnetization lifts the degeneracy of the energy levels interacting with
circular polarized light, resulting in the well-known Faraday effect, i.e. a magne-
tization induced rotation of the polarization of light.
To describe the Faraday effect and similar phenomena in more details, we
consider the following permitivity tensor describing a non-dissipative isotropic
medium:
ε=
εx x 0 00 εx x 0
0 0 εx x
 . (3.1)
Introducing a magnetic field B parallel to zˆ, it follows from energy conservation
and time-reversal symmetry that we can write, in first order approximation:
ε=
 εx x iεx y (B ) 0−iεx y (B ) εx x 0
0 0 εx x
 . (3.2)
Assuming that there is incident light which also propagates parallel to zˆ, we can
simplify the relevant permitivity matrix:
ε=

εx x iεx y (B )−iεx y (B ) εx x

. (3.3)
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The eigenvalues of this matrix correspond to εx x +εx y (B ) and εx x −εx y (B ), with
eigenvectors [1, i ] and [1,−i ]. These eigenvectors show that, if an electric field is
applied of which the x and y component are 90o out-of-phase, the polarization
state remains unchanged. In other words, these eigenvectors correspond to left-
and right handed circularly polarized light which implies that circularly polar-
ized light will remain circularly polarized after interaction with a material de-
scribed by the permitivity tensor given above. From the eigenvalues, the refrac-
tive indices for circular polarized light can be identified: n+ =
p
εx x +εx y and
n− =
p
εx x −εx y . This means that circularly polarized light will have different
speeds for different helicities, which is called circular birefringence. Note that
linearly polarized light can be decomposed into right handed and left handed
circularly polarized waves. For linearly polarized light, circular birefringence will
therefore result in a rotation of the polarization for light, hence explaining the
origin of the Faraday effect. In the above example of a non-dissipative isotropic
medium, the Faraday effect induced rotation is given by [1]:
θF =
ω
2c
(n+−n−)L , (3.4)
where ω is the angular frequency of light, c is the velocity of light and L is the
path length of the optical beam in the medium.
Microscopically one way to realize such magnetization dependent permitiv-
ity is by considering the Lorentz force acting on the electrons, similar to the Hall
effect. When the magnetic field is parallel to zˆ, the Lorentz force makes the elec-
trons move in a circular motion in the xy-plane. This circular motion lifts the
energy degeneracy for left and right turning electrons. We refer to chapter 7 for
an extensive microscopic treatment of the Faraday effect determined by free-
electrons. In this chapter we furthermore discuss and show experimental exam-
ples of how the Faraday effect can be used to probe the magnetization.
Several additional material properties may result in magnetic field induced
effects other than just a polarization rotation. First of all, if the medium exhibits
absorption, magnetic field induced ellipticity may occur. This happens because
the absorption of left-handed and right-handed circularly polarized light de-
pends differently on the magnetization, also known as magnetization induced
circular dichroism. Secondly, up till now we only considered first order correc-
tions, in which the off-diagonal terms of the permitivity linearly depend on the
magnetization, similar to the Hall or anomalous Hall effect. However, the diag-
onal terms of the permitivity may depend on the magnetic field or magnetiza-
tion squared, similar to longitudinal magnetoresistance effects in electron con-
ductivity. This may also result into polarization, amplitude and phase changes.
Thirdly, we only considered an isotropic medium above, while anistropy may
provide further complications. On top of that it should be considered that other
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parameters like temperature or incident intense laser pulses may affect both
magnetic ordering of a material and also the permitivity itself. While many com-
plications may arise, elaborate measurements may help to distinguish different
properties of a material. To name a few examples of what can be done in an ex-
perimental approach:
• Measure the polarization rotation
• Measure the transmission
• Change the polarization of the incident light
• Change the wavelength of the incident light
• Change the applied magnetic field
• Change the sample temperature
• Rotate the sample
3.2 Time resolved measurements
Magneto optics becomes even more exciting and relevant, when we can manip-
ulate the magnetization ultrafast. It has been realized that short laser pulses
provide a way to both initiate and observe magnetization dynamics ultrafast [2,
3]. The typical way to do this is with a so called optical pump-probe scheme,
as illustrated in Fig. 3.1. In this scheme, intense laser pulses are used to initi-
ate (to pump) magnetization dynamics and weak laser pulses are used to probe
the magnetization dynamics, using magneto-optical effects like the Faraday ef-
fect. By repeatedly pumping we can generate repeating magnetization dynam-
ics, while by varying the time of arrival at the sample between the pump and
probe pulses we can reconstruct these repeating magnetization dynamics. The
time resolution of this method is determined by the pulse width of the probe
pulses in time.
At the moment, the field of ultrafast magnetization dynamics is still a topic
with a lot of controversies in the scientific community [3–9]. The main reason
for the controversies is the lack of an artifact-free technique capable of observing
the magnetization dynamics at the subpicosecond time scale. It was noticed that
at the subpicosecond time scale the magneto-optical probes cannot always dis-
tinguish laser induced changes to the magnetization and permitivity from each
other [10, 11]. Additional complications in the interpretation of time-resolved
magneto-optical experiments arise from element sensitivity of magneto-optical
effects and the presence of both spin and orbital magnetization, especially in
multisublattice magnets [1, 12–16].
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Figure 3.1: Optical pump-probe scheme, in which pump pulses induce magnetization
dynamics in a sample and probe pulses probe them. (a) The probe pulse arrived before
the pump pulse at the sample, and therefore the pump pulse is not affecting the reflection
of the probe pulse. (b) The probe pulse will be arriving after the pump pulse at the sample,
and the pump pulse can therefore affect the reflection of the probe pulse.
3.3 Terahertz radiation
Due to the ambiguities arising from using the magneto-optical pump-probe tech-
niques and the remaining desire to increase the understanding of ultrafast mag-
netism and spintronics, new experimental approaches are welcomed. In this
thesis we investigated such approaches based on radiation at THz frequencies.
As shown in Fig. 3.2 we employ THz radiation in two ways in our experiments,
either we look at the THz transmission of a material, or we look at the THz radi-
ation emitted by a material.
We employ THz transmission as a probe similar to an optical probe. The ad-
vantage of using a probe at THz frequencies is the sensitivity for the material. For
instance, for metals and semiconductors the free-electron response can fully de-
termine the response to THz radiation [17, 18]. It can be shown that in such cases,
short pulses of THz radiation can be used as a probe for the conductance, with
a time resolution of subpicoseconds. On the other hand, for electronic trans-
port measurements a time resolution less than 100-picoseconds is already chal-
lenging [19]. If the THz transmission or reflection is also found to be magnetic
field (or magnetization) dependent, we have an indication of electronic trans-
port properties dependent on the magnetic field, i.e. magnetotransport. In this
way, theoretically effects like the anomalous Hall effect can be probed with a
subpicosecond time resolution. Figure 3.2(a) schematically shows that a trans-
mitted THz pulse can change amplitude, phase and polarization and therewith
disentangle information of the electronic and magnetic ordering on a timescale
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Figure 3.2: (a) Transmission of THz radiation through a sample can change the polar-
ization, amplitude and phase of the THz radiation, and thereby provide information of
the electronic and magnetic configuration of the sample. (b) Illuminating a sample with
intense laser pulses can induce electron and magnetization dynamics such that THz radi-
ation is emitted. This emitted THz radiation is directly related to the light induced current
and magnetization dynamics.
determined by the THz pulse width. Note that an optical probe typically cannot
resolve electronic (magneto-)transport.
Alternatively, THz frequencies are useful, because in this spectral regime there
can be several magnetically active resonances. THz transmission experiments
can provide an insight in the strength of these resonances and how they depend
on external properties like magnetic field and temperature [20].
For the generation of THz radiation used for THz transmission experiments,
we make use of difference frequency generation or optical rectification. Differ-
ence frequency generation is the non-linear optical phenomenon exhibited by
some materials, in which radiation at two different frequencies can generate ra-
diation with a frequency equal to the difference in frequency. For this process to
occur, there needs to be a lack of space inversion symmetry. The lack of space
inversion symmetry in a material arises when the optical response has a cer-
tain preferred directionality, e.g. it makes a difference for the energy of electrons
whether they move to the right or to the left.
As a microscopic example of difference frequency generation, we introduce
the equation of motion for electrons as described in a Lorentz oscillator model
[21]:
m
d 2 x
d t 2
+mω20 x =−e E , (3.5)
where m is the mass of the electrons, x is the position of the electrons with re-
spect to their nuclei, t is time,ω0 the angular resonance frequency, e the electron
24 Chapter 3. Experimental methods
charge and E the electric field of light. The first term of Eq. 3.5 describes force as
in Newton’s second law, the second term describes the restoring force or poten-
tial, while the term on the right hand side is the driving force coming from the
incident light. For simplicity we have left out damping. By Fourier transforming
Eq. 3.5 with respect to time, we obtain
−ω2m x0 +mω20 x0 =−e E0, (3.6)
where x0 is the amplitude of the position of the electrons moving at a certain
frequency and E0 is the amplitude of the electric field at the same frequency.
From this follows:
x0 =
e E0
m
 
ω2−ω20
 , (3.7)
which clearly shows a resonance in x0 whenω=ω0. We stress that the electrons
and electric field of light are at the same frequency in this simple model. This
can change, when we modify Eq. 3.5 to include space-inversion symmetry by
introducing an asymmetric potential term:
m
d 2 x
d t 2
+mω20 x +q x
2 =−e E , (3.8)
where q is a coefficient. Assuming that any non-linearity is very small, so that
x = xl i ne a r +xno n−l i ne a r with |xl i ne a r |  |xno n−l i ne a r |, we can take |xl i ne a r | ≈ x0.
For |xno n−l i ne a r |= xnl we can then write in the spectral domain:
−ω2nl m xnl +mω20 xnl +q x 20 = 0, (3.9)
so that
xnl =
q x 20
m
 
ω2nl −ω20
 , (3.10)
withωnl being the angular frequency of the electron motion induced by the non-
linearity. Note that the amplitude of the non-linearity scales with x 20 , hence with
the driving electric field squared. The frequency at which the non-linearity is
introduced, comes from x 2, where x = x0(ω)
 
e iωt + e −iωt

. The result is that
the non-linearity either oscillates at a frequency of ±2ω or ω −ω. While the
first frequency results in second harmonic generation, i.e. light at a doubled fre-
quency, the latter results in difference frequency generation or optical rectifica-
tion. Note that in our example we have used a single incident frequency, but as
soon as there is some bandwidth, the movement of electrons causing difference
frequency generated is not only at zero frequency anymore.
The example above of the difference frequency generation as derived in the
Lorentz oscillator model, is applicable to the generation of THz radiation with
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non-linear optical crystals. In our experiments we illuminate a 1 mm thick ZnTe
crystal using laser pulses at a center wavelength of 800 nm. From the Fourier re-
lations between frequency and time, it follows that an optical pulse will always
have a certain spectral bandwidth. For an intensity pulse described by a Gaus-
sian function in time, the full width at half maximum in time ∆τ can be related
to the spectral bandwidth∆ν via∆τ≈ 0.441/∆ν [22], so that if we have a 50 fem-
tosecond short laser pulse, we also have a bandwidth of about 8.8 THz. Using this
bandwidth to generate THz radiation, determines the maximum possible band-
width of the difference frequency generated radiation. This would mean that in
our experiments we should easily be able to generate THz frequencies above 5
THz, but the microscopic response of ZnTe is such that it practically only gives
THz radiation up to 3 THz [23]. On the other hand, this crystal was found to have
a high non-linear coefficient, meaning that the amplitude of the generated THz
radiation is higher compared to other crystals used, like GaP.
It can be shown from the Maxwell equations that if there is current or mag-
netization dynamics in general, e.g. an oscillating electric or magnetic dipole,
there will be electromagnetic radiation in the same frequency range as in which
the dynamics take place. This is for instance used in nuclear magnetic resonance
spectroscopy, in which the spin of nuclei oscillate and thereby emit radiation.
Similar to nuclear magnetic resonance spectroscopy, we can excite spin dynam-
ics of electrons with a laser and measure the resulting emission. As the laser
induced dynamics are typically subpicoseconds, we get emission of radiation at
THz frequencies, as presented in Fig. 3.2(b). This THz emission can be used as a
probe of the magnetization dynamics [24]. Often this radiation suffers from less
artifacts than an optical probe, e.g. element sensitivity. This makes THz emis-
sion an interesting alternative or complementary probe. Moreover, since electric
dipoles break space inversion symmetry and magnetic dipoles do not, it possible
to distinguish the two. For quantitative treatments using the Maxwell equations
of how laser induced magnetization and current dynamics emit radiation and
can be used as an ultrafast magnetometer or Ampèremeter, we refer to chapters
5 and 6.
Some properties, like magnetic resonances, may be resolved by optical pump-
probe, THz transmission and THz emission techniques. In the case of mag-
netic resonances at THz frequencies, emission experiments are usually preferred
above the other two mentioned techniques. For the THz transmission method
there is significant noise proportional to the intensity of the THz radiation, which
can make small changes in the transmission unmeasurable. For the optical probe
there can be several artifacts occurring as mentioned before, but mostly experi-
ence shows that THz emission has often a better sensitivity. The signals obtained
with the THz emission technique only have to compete with the noise coming
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from the electronic devices used to measure them.
3.4 Experimental setup
We make use of gold coated parabolic mirrors to guide and focus the generated
THz radiation. Such parabolic mirrors provide a reflection over a broad spectral
range. To detect the THz radiation, we focus it onto a second ZnTe crystal which
is optically gated by a probe pulse from the laser at a wavelength of 800 nm, using
the Pockels effect. The Pockel’s effect is the effect in which the refractive index of
a material depends on a static or slowly varying electric field [21]. Hence, when
the optical pulses arrive simultaneously with the THz radiation, the electric field
of the THz radiation can modify the refractive index of the ZnTe crystal for 800
nm light and thereby introduce birefringence to the gate pulses. The amount of
ellipticity gained by the optical gate pulses, is directly proportional to the am-
plitude of the electric field of the THz radiation. We can reconstruct the result-
ing polarization state of the gate pulses using a polarizer and two photodiodes,
which is called a balanced bridge detector. The output signal of the detector is
therefore proportional to the amplitude and the sign of the electric field of the
THz pulses at the time of arrival of the probe pulses. By adding a mechanical
delay in one of the beam paths, we can change the time of arrival between the
optical gate pulses and the THz radiation. In such a way, we can measure the
repeating electric fields at THz frequencies as function of time, similar to the op-
tical pump-probe technique. The time resolution with which the THz radation
can be reconstructed in this THz time-domain spectroscopy technique, is given
by the pulse width of the gate pulses.
In the detection of THz radiation there are two main sources of noise. The
first noise source is approximately proportional to the electric field of the THz
radiation. It is likely that it mainly originates from the intensity fluctuations of
the laser. The second source of noise is almost flat in the spectral range and even
present when no laser is active. It is therefore ascribed to originate from the elec-
tronics used. This noise can be greatly enhanced when the gate pulses used for
detection of the THz radiation is misaligned on the detector. For sensitive detec-
tion of magneto-optical effects at THz frequencies, we employ wiregrid polariz-
ers. Whereas small magnetization dependent amplitude changes may not be
resolvable due to intensity noise in one linear polarization state, observing them
as a polarization rotation in the orthogonal polarization state may be possible.
We build two setups of which the first one is shown in Fig. 3.3(a) and the
second one in Fig. 3.3(b). The main difference between the two setups is that
the first setup features a small electromagnet which can provide fields up to 0.1
Tesla, while the second setup is build around a superconducting cryostat which
can provide fields up to 7 Tesla. The first setup allows for fast and accurate mea-
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Figure 3.3: (a) Setup employed for THz experiments with low applied fields. A ZnTe crys-
tal (ZnTe1) is used to convert laser light into THz radiation, or alternatively the sample
itself is used to generate THz radiation. An additional ZnTe crystal (ZnTe2) is used to de-
tect the THz radiation, in which the THz radiation introduces ellipticity to a laser beam.
Using a balanced bridge detection scheme the THz radiation induced ellipticity is mea-
sured. Wiregrid polarizers (WP) provide THz polarization sensitive measurements. (b) A
similair setup was build but with implementation of a 7 Tesla superconducting cryostat.
surements for low in-plane applied fields, while the second setup allows to use
high in- or out-of-plane applied fields.
To induce magnetization and electron transport dynamics, we typically used
a pump fluence in the order of 1 mJ/cm2 onto an area on the sample with a di-
ameter of approximately 2 mm. Taking laser pulses directly from the amplifier
provides us with laser pulses at a wavelength of 800 nm and a pulse width of 50 fs.
Alternatively the laser pulses can be first send to the optical parametric amplifier,
with which we can tune the wavelength from about 400 to 2000 nm.
3.5 Laser system
At the hearth of our experimental setup is our laser system, which consists of
separate lasers that are connected to each other, as shown in Fig. 3.4. At the start
there is the Spectra Physics Millenia Prime Nd:YVO4 laser. Electrical pumping
together with optical frequency doubling makes this laser produce 4 W of con-
tinues wave radiation at a wavelength of 532 nm. This light is used to optically
pump the oscillator, which is a Spectra Physics Tsunami mode-locked titanium
sapphire laser. The purpose of the oscillator is to generate short laser pulses.
The central wavelength of the oscillator is at 800 nm and spans a spectral range
of about 60 nm. When these pulses are Fourier transform limited, then the pulse
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Figure 3.4: The used laser system consists of several seperate lasers. The Millennia laser
is used to pump the Tsunami laser. The Tsunami laser is used to seed the Spitfire laser,
which is simultaneously pumped with the Empower laser. The output of the Spitfire laser
is used in the setup or first converted in wavelength using the TOPAS optical parametric
amplification system.
width in time would be less than 20 fs. These pules are produced at a repetition
rate of about 80 MHz with an average output power around 0.5 W. A special fea-
ture of the used oscillator is the Lock-To-Clock system, allowing to actively tune
the repetition rate. This feature was installed as to have the possibility to syn-
chronize to the free-electron lasers present.
The pulses from the oscillator are used for the Spectra Physics Spitfire am-
plifier. The role of the amplifier is to enhance the power per pulse by orders of
magnitude. In order to do this the amplifier first stretches the incident pulses in
time, as to lower the peak power intensity. The stretched pulses are modulated
with a Pockels cell, allowing some of these pulses to enter the laser cavity con-
taining a titanium sapphire crystal. This crystal is optically pumped using con-
tinues wave radiation at a wavelength of 527 nm produced by a Spectra Physics
Empower Nd:YLF laser. After several roundtrips of these pulses at 800 nm inside
the cavity and thereby being enhanced in power, another Pockels cell allows for
these pulses to leave the cavity. The enhanced pulses are compressed in time so
as to produce pulses with a width of 40 to 60 fs. A non-linear photodiode inside
the amplifier monitors the outgoing pulse width, which signal is used as a feed-
back for the compressor. The average output power of the amplifier is ideally 4
W at a repetition rate of 1 kHz.
For some of the experiments a different central wavelength from 800 nm is
preferred, for which we use the Spectra Physics TOPAS-C optical parametric am-
plifier. More than 90% of the power produced by the amplifier is used for this
optical parametric amplfier, which can then produce light in a wavelength range
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from about 400 nm up to 2000 nm. Inside the optical parametric amplifier the
pulses are split in two, a pump and a white light generating beam. The white light
is generated by focusing light pulses on a glass plate. With a non-linear crystal
specific wavelengths of this white light can be enhanced using the pump. The
result is amplified light typically at wavelenghts above a 1000 nm. Shorter wave-
lengths are obtained by mixing different wavelengths on consecutive non-linear
crystals and employing appropriate spectral filters. The result is a widely tun-
able laser with a power typically above 100 mW, depending on the spectral range
used.
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CHAPTER 4
Terahertz Magneto-Optics in a Ferromagnetic Semi-
conductor
The magneto-optical response of the ferromagnetic semiconductor HgCdCr2Se4
at THz frequencies is studied using polarization sensitive THz time-domain spec-
troscopy. It is shown that the polarization state of broadband terahertz pulses,
with a spectrum spanning from 0.2 THz to 2.2 THz, changes as an even function
of the magnetization of the medium. Analyzing the ellipticity and the rotation of
the polarization of the THz radiation, we show that these effects originate from
linear birefringence and dichroism, respectively, induced by the magnetic order-
ing. These effects are rather strong and reach 102 rad/m at an applied field of 1
kG which saturates the magnetization of the sample. Our observation serves as a
proof-of-principle showing strong effects of the magnetic order on the response
of a medium to electric fields at THz frequencies. These experiments also suggest
the feasibility of spin-dependent transport measurements on a sub-picosecond
timescale.∗
4.1 Introduction
During the last 50 years the physics of magnetism has been progressing in a
breathtaking fashion and this progress can be characterized by two words: “smal-
ler” and “faster”. Exploring the physics of magnetism at ever smaller length-
scales led to the discovery of Giant Magneto-Resistance in magnetic nanostruc-
tures, which caused a great advancement of spin-transport electronics (spin-
tronics) [1, 2]. Simultaneously, the observation of subpicosecond demagneti-
zation by a femtosecond laser pulse [3] triggered the field of ultrafast femtosec-
ond magnetism and the discovery of all-optical switching [4, 5]. However, under-
standing the correlations between transport properties and magnetism at ever
faster time-scales has faced a problem since conventional transport measure-
ments, based on the application of an electric voltage to the sample, can hardly
achieve sub-100 ps temporal resolution. Recently it has been demonstrated that
terahertz (THz) spectroscopy with the help of freely propagating broadband sub-
ps pulses of THz radiation can serve as an ultrafast probe of transport properties
of semiconductors and semiconducting nanostructures [6]. It is natural to sug-
gest that a similar technique can be used to perform magneto-transport mea-
∗Adapted from: T. J. Huisman, R. V. Mikhaylovskiy, A. V. Telegin, Yu. P. Sukhorukov, A. B. Granovsky,
S. V. Naumov, Th. Rasing, and A. V. Kimel, Terahertz magneto-optics in the ferromagnetic semicon-
ductor HgCdCr2Se4, Applied Physics Letters, 106, 132411 (2015)
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surements in the THz spectral range with subpicosecond temporal resolution
[7].
Although research areas as spintronics and femtosecond magnetism would
greatly profit from THz magneto-optics, its feasibility is still questionable and
studies of magneto-optical phenomena in this spectral range are still scarce. To
date, THz magneto-optical phenomena have been mostly studied either in con-
ducting materials without magnetic order or in magnetically ordered non-con-
ducting materials [8–19]. Moreover, the majority of these works studied the Fara-
day rotation, while other magneto-optical effects, like magnetization dependent
linear birefringence and dichroism, may be equally important for establishing
a link between electronic transport properties and THz magneto-optics. Mea-
surements on magnetically ordered and conducting samples were reported in
refs. [10, 11, 16]. However, their samples consist of ensembles of metallic ferro-
magnetic particles, in which the collective plasmonic response of the particles
rather than the bulk material itself gives rise to spin-dependent terahertz trans-
mission. Up till now, it remained unclear how strong magneto-optical effects at
THz frequencies can be in realistic bulk spintronic materials.
Using broadband pulses of THz radiation, we report about magneto-optical
studies in a Voight geometry of the ferromagnetic semiconductor Hg0.92Cd0.08-
Cr2Se4 in the range from 0.2 THz to 2.2 THz. Similar samples are known for their
unusual high magnetoresistance up to 80% [20, 21] and large magneto optical
effects (e.g. magnetotransmission) for mid-infrared radiation [22–26]. We re-
veal that the polarization state of a linearly polarized THz pulse substantially
changes upon propagation through the sample due to the in-plane magnetiza-
tion; the polarization becomes elliptical and the main axis of the ellipse rotates.
Performing the measurements for different incoming and outgoing THz polar-
ization, varying applied magnetic field and temperature, we reveal that the ellip-
ticity and rotation are due to rather strong linear birefringence and linear dichro-
ism, respectively, induced by the magnetic order. The effects reach values in the
order of 102 rad/m at an applied field of 1 kG which saturates the magnetization
of the sample.
4.2 Experimental methods
The sample is a 250 µm thick crystalline plate of Hg0.92Cd0.08Cr2Se4 grown by
the chemical transport reaction technique using CrCl3 as a carrier agent [27].
Its crystal structure is close to cubic and belongs to the spinel symmetry group
(space group Fd3m). The sample is cut perpendicularly to the [111] crystallo-
graphic axis. The Curie temperature of the material, which is a p-type semi-
conductor, is around 120K. The THz spectrometer used for measuring the THz
transmission of the sample is shown in Fig. 4.1(a). It employed 50 fs laser pulses
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generated by a Ti:sapphire amplified laser system at a central wavelength of 800
nm and with a repetition rate of 1 kHz. Each of these pulses was split in two.
One part was incident on a 1 mm thick ZnTe crystal and thus generated THz ra-
diation via the phenomenon of optical rectification. Using a pair of gold coated
parabolic mirrors, the THz radiation was focused on the sample inside a cold-
finger helium-flow cryostat, capable of setting the temperature between 10 and
300 K. The cryostat was placed in between the coils of a magnet capable of pro-
ducing fields up to 1 kG. The field was applied in-plane of the sample along its
[112] axis. An additional pair of parabolic mirrors was used to collect the trans-
mitted THz radiation and focus it on the detector ZnTe crystal which was gated
by a probe pulse from the laser. The ellipticity acquired by the probe pulse due to
the THz electric field was measured using a balanced bridge detector. The out-
put signal of the detector was therefore proportional to the magnitude and the
sign of the electric field of the THz pulse at the time of arrival of the probe pulse.
In our setup the lowest spectral limit is around 0.2 THz, as determined by the
propagation losses of terahertz radiation arising from the finite apertures of the
parabolic mirrors. The highest spectral limit is around 2.2 THz, which is mainly
determined by the transmission of the cryostat windows.
For sensitive detection of magneto-optical effects at THz frequencies we em-
ployed wiregrid polarizers, as shown in Fig. 4.1(a). The wiregrid polarizers (WP)
have a transmission larger than 95% in the frequency range from 0 to 2 THz and
an extinction ratio for an electric field at 1 THz of approximately 2 ·103. The first
wiregrid polarizer (WP1 in Fig. 4.1(a)) was situated between the ZnTe crystal
used for generation of the THz radiation and the sample. Directly after the sam-
ple the second and the third wiregrid polarizers (WP2 and WP3 in Fig. 4.1(a))
were placed. The second polarizer was alternated between -45 and 45 degrees
with respect to the applied magnetic field. The third polarizer was orientated
perpendicular to the magnetic field. As described in Ref. [28], such a setup pro-
vides the possibility to determine the rotation and ellipticity of the transmitted
THz radiation. Figure 4.1(b) shows how the rotation θ and ellipticity εof the THz
radiation appear in the projection of the electric field of a THz pulse on a plane
perpendicular to the propagation direction. The axes of this plane are chosen
parallel to x’ and y’, corresponding to the two used orientations of WP2. Apply-
ing a bias field in-plane can introduce anisotropic changes to the refractive index
and absorption coefficient, resulting in an ellipticity and rotation dependent on
the magnetization:
ε (M ) = εM =0 +∆ε (M ) ,
θ (M ) = θM =0 +∆θ (M ) ,
(4.1)
whereεM =0 andθM =0 are the magnetization independent ellipticity and rotation,
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Figure 4.1: (a) Setup employed for measuring the THz transmission of the magnetic semi-
conductor HgCdCr2Se4. A ZnTe crystal is used to convert laser light into THz radiation, the
remaining laser light is filtered out. An additional ZnTe crystal is used to detect the THz
radiation, in which the THz radiation introduces ellipticity in a laser beam. Using a bal-
anced bridge detection scheme the THz radiation induced ellipticity is measured. Wire-
grid polarizers (WP) provide THz polarization sensitive measurements. (b) The electric
field of a THz pulse is projected onto a plane perpendicular to the propagation direction,
showing the rotation θ and ellipticity ε. The axes of the plane are chosen parallel to x’ and
y’, which in the experiment correspond to 45o and -45o with respect to the direction of the
applied field.
while∆ε (M ) and∆θ (M ) are the magnetization induced ellipticity and rotation,
respectively.
4.3 Results
An example of the electric field of transmitted THz pulses projected onto the
plane perpendicular to the propagation direction is shown in Fig. 4.2(a). The
black trace is the projected electric field with no bias magnetic field applied,
while the red trace is a projection with a field of 1 kG applied. It is seen from
this figure that the field induces both changes in the rotation and ellipticity of
the transmitted THz pulse, providing clear signatures of magneto-optical effects
at THz frequencies. From the measured THz electric field we calculated the el-
lipticity and rotation using the algorithm explained in [28]. In Figs. 4.2(b) and
4.2(c) we show the rotation and ellipticity respectively, as functions of the bias
magnetic field. The observed field induced rotation and ellipticity, both reach
approximately 3 degrees for 1 kG bias field. This corresponds to 52 mrad over
250 µm thickness of the sample, i.e., 2.1 ·102 rad/m at an applied field of 1 kG
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Figure 4.2: (a) Traces of the electric field of the THz pulse when projected onto the x’ y’
plane perpendicular to the propagation direction as indicated in Fig. 1. The black trace
shows the transmission for no field applied, while the red trace shows the transmission
with a 1 kG applied field. (b) Polarization rotation as a function of the applied field for
three different temperatures averaged between 0.4 and 1.5 THz. Here, the rotation is de-
fined with respect to the incident polarization, which is parallel to the y’ axis. (c) Ellip-
ticity as a function of the applied field for three different temperatures averaged between
0.4 and 1.5 THz.
which saturates the magnetization of the sample. These effects are huge when
compared to typical magneto-optical signals measured in the visible spectrum
[29]. This rotation is also large compared to some of the known magneto-optical
signals measured in the THz spectral range [9, 18]. Our observations are however
clearly distinct from previous rotation and ellipticity measurements at terahertz
frequencies, as the rotation and ellipticity reported here change as an even func-
tion with respect to the applied magnetic field. This fact shows that the Faraday
rotation, i.e., a Hall-like conductivity effect odd with respect to the applied field,
can be excluded as an origin of the observed behavior.
Our measurements suggest a direct correlation between the measured THz
fields and the anisotropic magnetoresistance as measured with conventional elec-
tronic methods [30]. The latter should give rise to magneto-optical signals being
an even function of the magnetization. Anisotropic magnetoresistance is the
phenomenon in which the conductivity parallel and perpendicular to the ap-
plied field change differently with field. The optical manifestation of this effect
is magnetic linear dichroism and birefringence. The magnetization dependent
linear dichroism and birefringence are expected to give rise to magnetization
dependent rotation and ellipticity when the incident THz radiation is polarized
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differently from parallel or perpendicular to the applied field. Measuring such
rotation and ellipticity is preferred compared to measuring phase and ampli-
tude changes, as a polarization change is easily and reliably recognized by mea-
suring the transmission in a cross-polarized orientation of the polarizer before
and after the sample. Thus we chose the experimental geometry in which the
incident THz radiation is polarized at -45o with respect to the applied field. We
also performed transmission measurements in which the incident THz radiation
was polarized perpendicularly to the applied field and found no significant ef-
fect of magnetic linear birefringence, i.e. we did not observe any phase change
in this configuration when changing the applied magnetic field. However, in this
configuration we did observe magnetic linear dichroism, the transmitted electric
field decreased approximately 6% when applying a field of 1 kG or -1 kG com-
pared to applying no field at 70K.
In order to show that the magneto-optical effects are indeed determined by
the magnetic order, we performed temperature dependent measurements. Fig-
ure 4.3 shows the temperature dependence of the field induced rotation and el-
lipticity. It is seen that the field induced changes disappear as the temperature
crosses the Curie point (Tc ≈ 120K ), confirming that the observed effects ap-
pear due to the magnetic order of HgCdCr2Se4. Figure 4.3 also shows a curve
of the magnetization which overlaps with the magnetization induced ellipticity.
The temperature dependence of the rotation slightly deviates from the expected
temperature dependence of the magnetization, which can be due to the fact that
the measurements are affected by a crystallographic linear dichroism indepen-
dent from magnetization. This effect is also temperature dependent and may
result in the observed deviations.
The microscopic origin of the magneto-optical effects may be revealed by
their spectral dependence as shown in Fig. 4.4(a). Interestingly, it seems that
the observed magneto-optical effects become stronger with increasing the fre-
quency in the operational spectral range of our spectrometer. We can see that the
maximum magnetization induced rotation and ellipticity reaches 6 degrees, cor-
responding to 4.2 ·102 rad/m at an applied field of 1 kG which saturates the mag-
netization of the sample. Three mechanisms may be responsible for magneto-
optical effects at terahertz frequencies: spin-dependent transport of free elec-
trons, the ferromagnetic resonance and other optical resonances affected by the
magnetic ordering. Magneto-optical effects arising from the ferromagnetic reso-
nance are expected to be strongest in the vicinity of the ferromagnetic resonance,
which, at an applied field of 1 kG, has a frequency in the order of 1 to 10 GHz [31].
Since the observed magneto-optical effects increase with frequency in the range
from 0.2 to 2 THz, the ferromagnetic resonance is not dominantly determining
the observed magneto-optical effects.
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Figure 4.3: Magnetization induced rotation and ellipticity averaged between 0.4 and 1.5
THz and at 1 kG applied field as functions of temperature. The solid lines are fits used for
guiding the eye. Blue triangles show the magnetization measured at 1 kG applied field.
The spectra of the magneto-optical effects are interesting to compare with
the spectrum of the loss function. This function is defined such that it peaks in
the presence of absorption:
λ (ω) =−ln
  eE (ω) eEref (ω)

(4.2)
where eE (ω) and eEref (ω) are the complex spectra of the transmitted electric field
of the sample and a reference measurement respectively. A broad resonance is
present around 1.8 THz, corresponding to a vibrational mode observed before,
using infrared transmission and reflection [32]. The different data sets shown in
Fig. 4.4(b) are for the detected electric field measured parallel and perpendicu-
lar to the applied field, both measured with 0 and 1 kG applied field. This spec-
trum shows that the vibrational mode does not affect the magneto-optical spec-
tra within the experimental accuracy. Despite that the spectra in Fig. 4 reveal
that the ferromagnetic resonance and observed vibrational mode are not dom-
inantly responsible for the measured magneto-optical effects, the present data
cannot unambiguously indicate the microscopic origin of the magneto-optical
effects. Note that if the magneto-optical effects are due to the free-electron re-
sponse, the magnetization induced ellipticity and rotation are expected to show
anomalies near the plasma frequency. For HgCdCr2Se4 the plasma frequency is
expected to be in the order of 10 THz [33, 34], which is far beyond the ZnTe crys-
tal response used for generation and detection of the THz radiation [35] and thus
will be the subject of future studies.
40 Chapter 4. Terahertz Magneto-Optics in a Ferromagnetic Semiconductor
0.5 1.0 1.5 2.0
-10
-5
0
5
10
M
a
g
n
e
to
-o
p
ti
c
a
l 
e
ff
e
c
t 
(d
e
g
)
Frequency (THz)
Rotation, (B)
Ellipticity, (B)
(a)
0.5 1.0 1.5 2.0
0
1
2
3
4
vibrational
mode
L
o
s
s
 f
u
n
c
ti
o
n
, 

Frequency (THz)
(b)
Figure 4.4: (a) Spectra of the magnetization induced rotation and ellipticity of the trans-
mitted THz radiation at 40K and 1 kG applied field. The solid lines are linear fits used for
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The peak around 1.8 THz corresponds to a vibrational mode reported in [32]. The solid
line is a Gaussian fitting, serving as a guide to the eye.
4.4 Conclusions
To summarise, we have demonstrated that the p-type HgCdCr2Se4 ferromag-
netic semiconductor shows strong linear birefringence and dichroism at THz
frequencies depending on its magnetization. We observed a magnetization in-
duced rotation and ellipticity of up to 4.2 ·102 rad/m at an applied field of 1 kG
which saturates the magnetization of the sample. The origin of the observed
magneto-optical effects is analogous to the anisotropic magnetoresistance at
THz frequencies, according to which conductivities parallel and perpendicular
to the magnetization are not equal due to the complex electronic structure of the
material [20]. This inequality also induces linear birefringence and linear dichro-
ism for freely propagating THz waves. Interestingly, our measurements seem to
indicate that at higher frequencies the magneto-optical effects are stronger. We
believe that our observations provide new prospective to study magnetic semi-
conductors on picosecond time-scales and strengthens the link between carrier
dynamics and THz magneto optics. Our observations may lead to a better un-
derstanding of high frequency spin-dependent transport properties and practi-
cal implementations.
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CHAPTER 5
Comparing THz emission spectroscopy and MOKE
Simultaneous detection of terahertz (THz) emission and transient magneto-opti-
cal response is employed to study ultrafast laser-induced magnetization dynam-
ics in three different types of amorphous metallic alloys: Co, GdFeCo and Nd-
FeCo. A satisfactory agreement between the dynamics revealed with the help of
these two techniques is obtained for Co and GdFeCo. For NdFeCo the THz emis-
sion indicates faster dynamics than the magneto-optical response. This obser-
vation indicates that in addition to spin dynamics of Fe, ultrafast laser excitation
of NdFeCo triggers faster magnetization dynamics of Nd originating from its or-
bital momentum.∗
5.1 Introduction
The seminal observation of subpicosecond demagnetization in ferromagnetic
nickel by a laser pulse published almost two decades ago [1] triggered the field
of ultrafast magnetization dynamics - a topic that has been continuously fueled
by intriguing observations as well as controversies in the scientific community
[2–8]. One of the main reasons for the controversies is the lack of an artifact-free
technique capable of observing the magnetization dynamics at the subpicosec-
ond time scale. Most experimental studies of ultrafast magnetism performed
so far employ an all-optical pump-probe technique in which the magnetization
is probed indirectly via the magneto-optical Faraday or Kerr effect. However it
was noticed that at the subpicosecond time scale the magneto-optical probes
are subject to artifacts [9]. In particular, it was argued that if the temporal be-
havior of the Kerr ellipticity is different from the one of the Kerr rotation, the dy-
namics of the magneto-optical signal cannot be directly associated with the true
magnetization dynamics [10]. However, the opposite statement is not obviously
true and similar behavior of the ellipticity and the rotation cannot be used as a
proof that the dynamics of the magneto-optical Kerr effect (MOKE) adequately
reflects the magnetization dynamics. Additional complications in the interpre-
tation of time-resolved magneto-optical experiments arise from element sensi-
tivity of magneto-optical effects and the presence of both spin and orbital mag-
netization, especially in multisublattice magnets [11–16]. Alternatively, in order
to deduce information about subpicosecond dynamics of the total magnetiza-
tion one can employ the fact that such dynamics is accompanied by the emission
∗Adapted from: T. J. Huisman, R. V. Mikhaylovskiy, A. Tsukamoto, Th. Rasing, and A. V. Kimel,
Simultaneous measurements of terahertz emission spectroscopy and magneto-optical Kerr effect for
resolving ultrafast laser-induced demagnetization dynamics, Physical Review B, 92, 104419 (2015)
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of terahertz (THz) electromagnetic radiation [17–20]. To discover the potential
use of THz radiation for the study of ultrafast magnetism, we performed simul-
taneous measurements of the MOKE and the electric field of the emitted THz
radiation.
We show that nonlinear optical effects of nonmagnetic origin or the inverse
spin-Hall effect cannot be responsible for the observed emission of the THz ra-
diation, and thus the emission originates from the ultrafast demagnetization.
Under assumption that the MOKE represents the dynamics of the net magneti-
zation, we deduce the spectrum of the THz emission which is generated by such
magnetization dynamics by solving the Maxwell equations for a magnetic film,
taking into account the propagation of the THz radiation from the emitter to
the detector. Comparing these calculated spectra with the actually measured
ones we reveal that there is a very good match between the spectra for a pure
Co film. This observation verifies the assumptions underlying the calculations.
Using the same parameters for the spectrometer response, we demonstrate that
while qualitative similarities between the spectra are obtained for GdFeCo al-
loys, in NdFeCo alloys there are clear discrepancies between the THz spectra ex-
pected from the MOKE dynamics and the actually measured THz spectra. From
considering several explanations, we speculate that the discrepancy stems from
the orbital magnetism of Nd playing a role in the demagnetization process.
5.2 Experimental methods
Our experimental approach uniquely combines THz time-domain spectroscopy
(THz-TDS) with an optical pump-probe scheme, as sketched in Fig. 5.1(a). An
amplified titanium-sapphire laser system is used, producing light pulses with a
duration of 50 fs at a repetition rate of 1 kHz and with a center wavelength of
800 nm. The laser beam is divided into three parts: pump, probe and gate. The
pump fluence was approximately 1 mJ/cm2. The pump was focused onto an area
on the sample with a diameter of approximately 1 mm. THz radiation emitted
from the sample is collected and focused onto a ZnTe crystal using two parabolic
mirrors. The THz radiation induces birefringence inside the ZnTe crystal due
to the electro-optic Pockels effect. By probing this birefringence using the gate
pulse and a balanced bridge detection scheme, we are able to reconstruct the
electric field of the emitted THz radiation as a function of time. Simultaneously,
the probe pulse with a fluence of approximately ten times less than the pump is
focused on the sample to a spot which is approximately two times smaller in di-
ameter than the pump. The angle of incidence of the probe beam is 25o. By mea-
suring the polarization rotation of the reflected probe pulse, information about
the ultrafast laser-induced magnetization dynamics is obtained by means of the
MOKE. The measurements were performed in magnetic fields up to 1 kG applied
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in-plane of the samples. Performing the measurements for two polarities of the
magnetic field and taking the difference between the measurements, one can
deduce signals odd with respect to the field and thus minimize any influence of
artifacts of non-magnetic origin. Simultaneous MOKE and THz detection of the
laser-induced dynamics minimizes potential ambiguities, which may arise when
comparing two different experiments. We note that despite the uniqueness of
combining THz emission and the MOKE techniques, this approach is generally
accessible. Practically every pump-probe setup measuring ultrafast dynamics
triggered by femtosecond laser pulses can be easily combined with the detec-
tion of THz emission.
Both probes of ultrafast demagnetization are applied to Co, GdFeCo and Nd-
FeCo alloys. A 12 nm thick ferromagnetic Co film is deposited on a 0.5 mm thick
glass substrate. Such a sample is a typical example of a Stoner ferromagnet used
in many ultrafast magnetization dynamics studies and therefore acts as a starting
reference point. The multisublattice magnetic materials studied in this work are
rare-earth transition-metal alloys. The results presented on these materials are
mainly for Nd0.2(Fe0.87Co0.13)0.8 and Gd0.3(Fe0.87Co0.13)0.7, measured at room tem-
perature. We note that temperature dependent measurements in the range 150-
300 K as well as similar measurements on Nd0.5(Fe0.87Co0.13)0.5 and Gd0.18(Fe0.87-
Co0.13)0.82 show similar results. The GdFeCo alloys are ferrimagnetic and the
magnetic properties of these alloys are essentially determined by the fact that
the Gd spin moments (4f and 5d) are aligned oppositely to the spin moments of
Fe (3d) and Co. Importantly, in Gd0.18(Fe0.87Co0.13)0.82 the FeCo magnetization is
larger than the one of Gd at all temperatures, while in Gd0.3(Fe0.87Co0.13)0.7 the
net magnetization is dominated by the Gd sublattice. Since the MOKE probe is
mainly sensitive to the magnetization of the FeCo sublattice while the THz radi-
ation is expected to be emitted from the net magnetization change, the different
probing techniques are expected to show different results at least in sign for the
two GdFeCo alloys studied. Furthermore the orbital momenta of Fe and Gd in
the GdFeCo alloys are expected to be quenched, while for Nd the magnetization
is dominantly determined by its orbital momentum. In the NdFeCo alloys, the
orbital momentum of Nd is larger than the spin of Nd and aligned antiparallel
with respect to it. Hence, despite the antiferromagnetic coupling of the Fe and
Nd spins, the alloy is effectively ferromagnetic. The NdFeCo and GdFeCo alloys
were incorporated into a layered structure with different layers to prevent oxida-
tion (capping layer SiN), reduce laser-induced heating (heat sink AlTi) and facil-
itate the growth (buffer layer SiN). The layered structure is shown in Fig. 5.1(a).
Our work therefore includes three different classes of magnetic ordering: ferro-
magnetic spin ordering without (significant) orbital momentum (Co), and fer-
rimagnetic spin ordering without (GdFeCo) and with orbital momentum (Nd-
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Figure 5.1: (a) The layered structure under study and the scheme of the experiment. Re is
rare-earth being either Nd or Gd. The reflected probe pulse is used to measure the MOKE
signal. The electric field of the THz emission is detected with the help of electro-optic (EO)
detection. A field of ±1 kG is applied in-plane. (b) Ultrafast magnetization dynamics as
deduced from time-resolved MOKE measurements. The solid lines are fitting functions
as expressed in Eqs. 5.12 and 5.13. (c) Electric field of the emitted THz radiation as a
function of time. The position of zero-time delay is chosen arbitrary so that the position
of the peak of the pump pulse is close to zero. The traces are vertically shifted with respect
to each other.
FeCo). All the magnetic films have in-plane magnetic anisotropy with coercive
fields below 150 G at room temperature.
5.3 Experimental results
Figure 5.1(b) shows the results of all-optical pump-probe experiments in which
the laser-induced dynamics is probed with the help of the MOKE. The transient
signals were calibrated using static MOKE measurements. The figure shows the
data in units of the relative change of the magnetization. NdFeCo shows clearly
distinct dynamics from that of GdFeCo and the reference Co sample. These de-
viating dynamics can be explained to be a different response of the various ma-
terials to the optical pump.
Figure 5.1(c) shows the temporal evolution of the electric field of the emitted
radiation for the three samples. With the help of wire-grid polarizers, we found
that the electric field of the THz emission from all the samples is linearly po-
larized, perpendicular to the magnetization. Figure 5.2(a) shows the THz wave
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forms measured for the Nd0.2(Fe0.87Co0.13)0.8 alloy, which is representative for all
the studied samples. The traces clearly change sign when the applied field is re-
versed. Moreover, measuring the peak amplitude as a function of the applied
magnetic field reveals a hysteresis behavior as shown in the inset of Fig. 5.2(a).
This observation is a clear demonstration of the fact that the electric field of the
THz emission is proportional to the magnetization of the magnetic layer.
This magnetization dependence likely also means that our emission is of
magnetic dipole origin, i.e. a rapid quenching of the magnetization causing emis-
sion. However, it can be argued that laser-excitation of a free electron gas in a
magnetic field could also result in THz emission, which is of electric dipole ori-
gin [21]. Such an electric dipole emission is allowed only in noncentrosymmet-
ric media and can be especially efficient at the interfaces of the magnetic film.
One of the microscopic realizations of this mechanism is suggested in Ref. [20]
showing that the THz emission is generated due to the inverse spin Hall-effect
experienced by a spin-polarized current from a magnetic to a nonmagnetic layer.
To check for emission generated by such a spin current from the magnetic layer,
we inverted the sample by turning it around the magnetic field axis over 180o
while keeping the applied magnetic field fixed. In this way the direction of a
potential spin current between adjacent layers has to reverse sign. Therefore
the sign of the THz radiation which would originate from this current, should
be reversed as well. Figure 5.2(a) shows the THz wave forms after turning the
sample around. Besides different pulse widths and amplitude changes, which
are mostly due to absorption in the glass substrate, no sign change is observed.
The measurements on all other samples showed similar results. Hence, the ex-
periments have revealed no indication that the emitted THz radiation is due to
a spin-current or similar symmetry breaking effects. From all these features we
conclude that ultrafast laser-induced demagnetization can be reliably assigned
to be the main source of the observed THz emission from the studied samples.
As we noted above for the GdFeCo alloys, the MOKE probe is expected to
be sensitive to the magnetization of the FeCo sublattice, while the THz emis-
sion comes from the net magnetization change. The two studied GdFeCo alloys,
Gd0.18(Fe0.87Co0.13)0.82 and Gd0.3(Fe0.87Co0.13)0.7, have different ratios between the
magnetizations of the sublattices. For Gd0.18(Fe0.87Co0.13)0.82 the magnetization
of the FeCo sublattice dominates the net magnetization, while for Gd0.3(Fe0.87-
Co0.13)0.7 the magnetization of the Gd sublattice dominates the net magnetiza-
tion. Figure 5.2(b) shows the dynamics of the MOKE measured for these two
samples. It is seen that the dynamics of these two alloys have opposite signs,
which is the result of different sublattices dominating the magnetization. Figure
5.2(c) shows that the signs of the THz emission are the same for the two GdFeCo
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Figure 5.2: (a) Electric field of the emitted THz radiation from the Nd0.2(Fe0.87Co0.13)0.8
sample as a function of time. The measurements have been performed in an external
magnetic field of 1 kG and -1 kG (+B and -B). The waveforms are measured for two orien-
tations of the sample as indicated next to the curves. The inset shows the hysteresis of the
peak amplitude when the pump pulse excites the sample from the side of the substrate.
(b) MOKE measured demagnetization for Gd0.18(Fe0.87Co0.13)0.82 and Gd0.3(Fe0.87Co0.13)0.7.
The solid lines are fitting functions as expressed in Eqs. 5.12 and 5.13. (c) Measured de-
magnetization emission of Gd0.18(Fe0.87Co0.13)0.82 and Gd0.3(Fe0.87Co0.13)0.7. The traces are
vertically shifted with respect to each other. The position of zero-time is chosen arbitrary
so that the position of the peak of the pump pulse is close to zero.
samples. The difference in the amplitudes of the emitted THz radiation is ex-
pected to be related to the difference in the net magnetizations.
5.4 Analysis method
In previous studies, the ultrafast demagnetization emission and magneto-optical
probe data were compared with each other assuming that the laser induced mag-
netization dynamics acts as a magnetic point-dipole emitter [17]. Such an ap-
proach disregards any effect of optical components on the propagation of the
radiation and the size of the source. As a result, it may lead to an unreliable
estimate of the spectral distribution and amplitude of the emission. To avoid
these uncertainties, we solve the Maxwell equations with corresponding bound-
ary conditions for an infinite film. The calculations are performed for a thin
metal film in the xy plane on top of a substrate, as indicated in Fig. 5.3(a). The
film is assumed to be magnetized along the x axis and to exhibit homogeneous
magnetization dynamics. From Ampere’s and Faraday’s laws we can relate a cur-
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rent source to the generated electromagnetic radiation (in Gaussian units):
∂ 2 eEy (z )
∂ z 2
+
ω2
c 2
ε (z ) (z ) eEy (z ) =−4piiωc 2 eJy (z ) , (5.1)
where eEy is the y component of the electric field, ε (z ) is the dielectric permittiv-
ity,ω is the angular frequency, c is the speed of light, and eJy (z ) is the y compo-
nent of the current density; the ∼ symbol is used to indicate the Fourier trans-
form with respect to time.
We are looking for the solutions in the form of the fundamental solution of
the homogeneous wave equation (see Fig. 5.3(a)), from which follows:
Ae −i k0 z , z < 0
B e −i k0 z +C e i k0 z , 0< z < d
D e i ks z , z > d
(5.2)
with k0 being the wavevector in vacuum or air, k is the wavevector in the metallic
layers and ks is the wavevector in the substrate. From Faraday’s law we know that
the electric field of Eq. 5.2 at the interfaces should be continuous. The current
reads eJy (z ) = c ∂fmx (z )∂ z = c emx [δ (z +d )−δ (z )] , with δ (z ) being the dirac delta
function and d the thickness of the magnetic layer. From this and Eq. 5.1, we
can recognize that the derivative of the electric field at the left interface of Fig.
5.3(a) exhibits a discontinuity of φ =− 4piiωfmxc , and a similar discontinuity by an
amount of −φ at the right-hand side interface of Fig. 5.3(a). This provides the
boundary conditions:
A = B +C , z = 0
−k0A = k B −k C −φ/i , z = 0
B e i k d +C e −i k d = D e i ks d , z = d
k B e i k d −k C e −i k d =−ks D e i ks d +φ/i , z = d .
(5.3)
Solving these equations for the emitted electric field amplitude, provides us with
D e i ks d =
4piω
c
emx (k −k0)e i k d + (k +k0)e −i k d −2k(k +k0) (k +ks )e −i k d − (k −k0) (k −ks )e i k d . (5.4)
Since we are working with thin films, we can approximate Eq. 5.4 using a Taylor
expansion of the form e ±i k d ≈ 1± i k d . Assuming that the metal films have a
significant conductivity such that k 2 ko ks , we simplify Eq. 5.4 as
D e i ks d ≈−4piω
c
emx i d(1+n ) +4piσd /c , (5.5)
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Figure 5.3: (a) A laser pump pulse initiates magnetization dynamics in the sample which
is accompanied by the emission of electromagnetic radiation. (b) Response of the spec-
trometer as a function of frequency.
with n being the refractive index of the substrate and σ the conductivity of the
metallic layer. For high conductivity and thick metallic layers (thick layer limit,
i.e. (1+n ) 4piσd /c ) we retrieve the emitted electric field being
eEy ≈− iωσ emx e i ωc n z . (5.6)
On the other hand for low conductivity and thin metallic layers (thin layer limit,
i.e. (1+n ) 4piσd /c ) we can see that
eEy ≈−4piiωc emx d1+n e i ωc n z . (5.7)
Both Eqs. 5.6 and 5.7 provide the same frequency dependence, as the conduc-
tivity in the spectral range of interest can be taken as constant [22].
The observed spectrum of the emitted electromagnetic radiation can be re-
lated to the spectrum of the generated radiation by a linear relation:
Eo b s e r v e d = K (ω)Es o u r c e (5.8)
where K (ω) is the transfer function which accounts for the substrate transmis-
sion, propagation effects and response of the ZnTe crystal. If the thickness of
the substrate is much larger than the wavelength of the electromagnetic wave,
the transmission through such a substrate is given by the Fresnell transmission
equation:
t =
2ni
ni +nt
(5.9)
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where ni is the refractive index of the medium from which the radiation origi-
nates and nt is the refractive index of the medium to which the radiation is trans-
mitted. The refractive index of the glass substrate is obtained experimentally
with the help of THz transmission spectroscopy as described in [23]. Our results
are comparable with the observations in ref. [24]; the absorption of glass can be
approximated by a quadratic function which increases upon an increase of the
frequency of the THz radiation. Due to this fact, glass effectively suppresses high
frequencies of the emitted radiation.
To come from a near-field solution to the THz radiation at the detecting crys-
tal, we apply Gaussian propagation similar to the one described in [25]. In order
to apply Gaussian propagation, one needs to provide an initial diameter for the
Gaussian beam in the model. Our initial diameter used in the calculations is
taken equal to the diameter of the pump beam at the sample. In our setup, the ef-
fects of propagation remove low frequencies in the spectrum. Frequencies above
2 THz are all enhanced by a factor equal to the ratio of the focal lengths of the two
parabolic mirrors used to collect and refocus the THz emission. For the ZnTe re-
sponse we applied the methods mentioned in [26], which shows that higher fre-
quencies are suppressed. To compare quantitatively the calculated spectra with
the experimentally obtained ones, we used Eq. 9 from [27] which shows how the
observed ellipticity in the ZnTe crystal is related to the electric field of the THz ra-
diation. Taking into account both the propagation effects and the ZnTe response
defines the spectrometer response, which can be visualized as a bandpass filter
centered around 1.7 THz, see Fig. 5.3(b). The parameters required to calculate
this spectrometer response are taken from the geometry of our setup. The ZnTe
crystal response attenuates frequencies above 1.7 THz, while effects of propa-
gation attenuate frequencies below 1.7 THz. While the MOKE measurements
themselves would be easily able to reach a spectral sensitivity up to 10 THz, our
spectrometer response for THz radiation limits the spectral sensitivity to up to 3
THz, or up to 2 THz when taking into account absorption in the glass substrate.
However, already in a spectral range from 0 to 2 THz, comparing MOKE and THz
emission may provide more insight on their relative functioning and reveal dis-
crepancies.
We should take into account that the spectral dependence of the conductiv-
ity in the THz spectral range may modify the THz spectra significantly. To ver-
ify if such a spectral dependence plays a significant role in our measurements,
we applied the conventional method of THz transmission time-domain spec-
troscopy. Moreover, we derived an expression for the transmission of THz radi-
ation through a metal film as shown in Fig. 5.3(a). In the derivation we neglect
any magnetization dynamics. In this case the derivative of the electric fields at
the interfaces is continuous. The resulting expression for the transmission coef-
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ficient is:
t =
4k k0
(k +k0) (k +ks )e −i k d − (k −k0) (k −ks )e i k d . (5.10)
Again we can use a Taylor expansion of the form e x ≈ 1 + x together with the
assumption of k 2 k0ks to get:
t ≈ 2
(1+n )+4piσd /c
, (5.11)
which is consistent with the literature [28, 29]. We can see that Eq. 5.4 and 5.10
(or 5.5 and 5.11) only differ by the nominator. Therefore, additional information
from THz transmission can help us understand THz emission better.
5.5 Discussion
To determine the generated electromagnetic radiation from the MOKE probe,
the spectrum is required. To prevent numerical errors, the observed MOKE ro-
tation is fitted with an empirical function, which is either:
∆M
M
=

1
2
erf

A (t −B ) + 1
2
 
C e −D t + E e −F t

, (5.12)
or
∆M
M
=

1
2
erf

A (t −B )+ 1
2
 
C ln (D t )e −E t

, (5.13)
with F , G , H , I , J , and K as fitting parameters. The choice of the fitting function
depends on the shape of the MOKE rotation in time. Figure 5.1(b) shows the
magneto-optical probe data fitted using Eqs. 5.12 and 5.13. Figure 5.4(a) shows
the electromagnetic radiation emitted as a result of the magnetization dynamics
inferred from the time-resolved MOKE data using only eq. 5.7.
In Fig. 5.4(b) we compare our measured spectra (solid lines) with spectra
calculated from the time-resolved MOKE data (dashed lines) for different sam-
ples. For the calculated spectrum of Co we assumed that the net magnetization
is equal to 1400 emu/cm3 [30]. For Gd0.3(Fe0.87Co0.13)0.7 we took the magnetiza-
tion equal to 150 emu/cm3 [31]. For Nd0.2(Fe0.87Co0.13)0.8 we used 462 emu/cm3
as measured with the help of a vibrating magnetometer and consistent with the
literature [32–34]. The narrower spectra obtained for Co compared to the other
samples is the result of using a thicker glass substrate. This thicker substrate
results in more absorption of higher frequency radiation [24]. The spectra ob-
tained for the Co sample show excellent mutual agreement. These observations
show that THz emission and MOKE for a pure ferromagnetic material provide
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Figure 5.4: (a) The calculated spectra of the emitted electromagnetic radiation inferred
from the time-resolved magneto-optical data shown in Fig. 5.1(b), using eq. 5.7. b The
detected spectra of the THz emission. The solid lines (1) are spectra obtained with the
help of the Fourier transform of the measured THz waveforms. The dashed lines (2) indi-
cate the calculated spectra of (a) and taking into account the spectrometer response for
THz radiation. The calculated spectra of GdFeCo and NdFeCo are shown multiplied by 2
and 1.8 respectively. The shaded areas are meant to highlight the difference between the
calculated and measured spectra.
identical information of the ultrafast magnetization dynamics and verify exper-
imentally our calculated spectrometer response. This spectrometer response is
kept identical for all samples.
For GdFeCo the spectrum calculated from the MOKE and the actually mea-
sured spectrum of the THz emission show a mismatch in amplitudes by a factor
of 2. Simultaneously, we observe that the full-width at half maximum (FWHM)
of the spectrum obtained using the MOKE agrees well with the FWHM of the
actually measured THz spectrum (see Table 5.1). The expectation values of the
spectra are also similar. Hence there is a satisfactory quantitative and a good
qualitative agreement between the spectrum calculated from the MOKE and the
actually measured spectrum of the THz emission during ultrafast laser induced
demagnetization of GdFeCo.
On the other hand, for the case of ultrafast laser-induced demagnetization
of NdFeCo, no qualitative agreement between the spectrum calculated from the
MOKE and the actually measured spectrum of the THz emission was obtained.
In particular, Fig. 5.4(b) clearly indicates the lack of higher frequencies in the
spectrum calculated from the MOKE response of NdFeCo, see also table 1. This
implies that the dynamics revealed by the MOKE is slower than the magnetiza-
tion dynamics revealed with the help of THz emission spectroscopy.
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Co GdFeCo NdFeCo
FWHMMOKE 0.62 THz 0.76 THz 0.70 THz
FWHMTHz 0.58 THz 0.73 THz 0.81 THz
|FWHMTHz-FWHMMOKE|
/FWHMMOKE
6.1 % 4.4 % 16 %
meanMOKE 0.65 THz 0.76 THz 0.67 THz
meanTHz 0.64 THz 0.79 THz 0.77 THz
|meanTHz-meanMOKE|
/meanMOKE
1.1% 4.2% 14%
Table 5.1: Full width at half maximum (FWHM) and expectation value (i.e., center of
mass) of the spectra presented in Fig. 5.4(b).
To determine the origin of the observed disagreements in the spectra, we
note that the GdFeCo and NdFeCo samples have similar structures. Hence the
layered structure of the studied samples cannot explain the qualitatively differ-
ent results obtained for these two types of alloys. If however, we are not in the
thin layer limit [(1+n ) 4pid /c ], then the discrepancy in spectral bandwidth
observed between MOKE and THz emission of NdFeCo, may be explained by
NdFeCo having a conductivity which changes rapidly upon an increase of the
frequency. Since the THz emission from GdFeCo is well described in the thin
layer limit, we can use it as a reference. For this reason we performed addi-
tional THz transmission measurements of the NdFeCo and GdFeCo samples. A
rapid change of the conductivity should originate from the spectral dependence
of the denominator in Eq. 5.11. This denominator is similar to the one in Eq.
5.5. Hence only a large difference in THz transmission of NdFeCo and GdFeCo
samples can explain the discrepancy in spectral bandwidth of NdFeCo. In Fig.
5.5(a) we show the transmission of Nd0.2(Fe0.87Co0.13)0.8 normalized to the trans-
mission of Gd0.3(Fe0.87Co0.13)0.7. It is apparent that below 1 THz there is an obvi-
ous difference in transmission which may indicate the presence of a frequency-
dependent conductivity contribution. However, when using this transmission
ratio to determine a possible correction to the emission spectrum of NdFeCo
(see Fig. 5.5(b)), there is still a pronounced mismatch between the measured and
calculated spectra. This fact excludes the possibility that for one type of samples
the thin layer limit is reasonable but not for the other.
One may argue that the observed discrepancies between the calculated and
measured spectra for NdFeCo can be due to elemental specificity of the MOKE,
similar to what we observed for our GdFeCo alloys. If the dynamics measured
with the MOKE in NdFeCo is associated with the spin dynamics of the FeCo sub-
lattice, as expected for an 800 nm wavelength probe, the mismatch in the spec-
tral distribution shows the presence of faster magnetization dynamics, which
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of Gd0.3(Fe0.87Co0.13)0.7. The solid line is a polynomial fit. (b) The solid lines (1) is the
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line (2’) indicates a possible correction to the calculated spectrum using the transmission
data of (a). The calculated spectra are shown multiplied by 1.8.
remains invisible for the MOKE detection. This is surprising as x-ray measure-
ments revealed that for GdFeCo alloys, the Gd spin-sublattice demagnetizes slower
than the spins of FeCo [13]. Analyzing the similarities and differences of GdFeCo
and NdFeCo alloys, indicates that the faster dynamics in NdFeCo, must origi-
nate from the presence of orbital magnetization of Nd. As the discrepancies are
mostly apparent above 1 THz, this indicates that the orbital dynamics occur on
a time scale faster than 1 ps. Resolving the exact dynamics of spin momentum,
orbital momentum and spin-orbit interaction in the process of ultrafast laser in-
duced demagnetization is beyond the scope of this manuscript and will be an
intriguing subject for future studies.
5.6 Conclusions
Ultrafast laser-induced magnetization dynamics in rare-earth-transition metal
alloys is investigated by both the magneto-optical Kerr effect and THz emission
spectroscopy. Using the Maxwell equations we developed a framework allowing
a comparative analysis of these two techniques. Application of these methods
to pure Co and GdFeCo gives a good qualitative and quantitative agreement be-
tween the results provided by the magneto-optical Kerr effect and THz emission
spectroscopy. For NdFeCo the THz emission indicates faster magnetization dy-
namics than that deduced from the magneto-optical response.
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CHAPTER 6
Helicity dependent generation of currents in metallic
films
The idea to use not only the charge but also the spin of electrons in the operation
of electronic devices has led to the development of spintronics, causing a revo-
lution in how information is stored and processed. A novel advancement would
be to develop ultrafast spintronics using femtosecond laser pulses. Employing
terahertz (1012 Hz) emission spectroscopy and exploiting spin-orbit interaction,
we demonstrate optical generation of electric photocurrents in metallic ferro-
magnetic heterostructures at the femtosecond timescale. The direction of the
photocurrent is controlled by the helicity of the circularly polarized light. These
results open up new opportunities for realizing spintronics in the unprecedented
terahertz regime and provide new insights in all-optical control of magnetism.∗
6.1 Introduction
Despite the fact that the generation of electrical photocurrents with the help
of spin-orbit interaction and circularly polarized light has been demonstrated
in noncentrosymmetric semiconductors [1], an application of this concept to
metallic materials which are commonly used in spintronic devices has not yet
been realized. Helicity dependent photocurrents can be induced due to the Rash-
ba effect [1], which is one of the microscopic mechanisms representing the cou-
pling between the momentum and spin of an electron [2]. This spin-orbit inter-
action of the conduction electrons in a system characterized by a lack of space
inversion symmetry leads to a breaking of the degeneracy between spin-up and
spin-down electron sub-bands in momentum space [3–7]. The Rashba effect can
be responsible for the phenomenon of spin-orbit torque, when an electric cur-
rent flowing through a magnetic conductor induces a torque acting on its mag-
netization M and tilts it [8–11]. The phenomenon when a tilting magnetization
produces an electric current can be seen as an inverse effect. On the other hand,
it has been shown that due to the non-dissipative inverse Faraday effect [12, 13]
or due to the dissipative optical spin transfer torque effect [14], circularly po-
larized light can induce a tilt to the magnetization. The direction in which the
magnetization is tilted is given by [M×σ], whereσ is the axial unit vector point-
ing parallel or antiparallel to the propagation of light, depending on its helicity.
∗Adapted from: T. J. Huisman, et al., Femtosecond control of electric currents in metallic ferromag-
netic heterostructures, Nature Nanotechnology, 11, 455 (2016)
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Hence if a femtosecond circularly polarized optical excitation acts on the magne-
tization as an effective magnetic field inducing a torque, it should also produce
an electrical current mediated by the Rashba effect. The direction of this current
is controlled by the helicity of the incident light. However, despite the fact that
various helicity dependent ultrafast effects of light on magnetization have been
reported [15–17], the strength of these effects in pure metals is still unknown. As
a result, the significance of helicity-dependent photocurrents in metallic mate-
rials is a priori not obvious.
Although transition ferromagnetic metals do possess space inversion sym-
metry, effective symmetry breaking is present at the interfaces between differ-
ent metals. Interface sensitive magneto-optics [18, 19] and the formation of chi-
ral spin structures at the surfaces and interfaces [20–22] are typical examples of
magnetic phenomena originating from the spontaneous symmetry breaking at
the interfaces of otherwise centrosymmetric metals. For an inverse spin-orbit
torque, the resulting current is perpendicular to both the light-induced magne-
tization and the direction n in which the space inversion symmetry is broken. In
particular, in metallic heterostructures with in-plane structural isotropy and in-
plane magnetization, one can anticipate the existence of an interfacial in-plane
photocurrent generated by circularly polarized light as
j =χn× [M×σ] I (6.1)
where χ is a scalar, n is a polar unit vector normal to the interface and I is the
intensity envelope of a circularly-polarized light pulse which exerts a torque on
the magnetization and thereby tilts it in plane, see Fig. 6.1(a). A similar equa-
tion for the helicity dependent photocurrents can be derived phenomenologi-
cally by assuming that the symmetry of our heterostructure is C∞v [23]. This
photo-induced current does not rely on laser-induced heating, contrary to all
previous demonstrations of laser-induced spin-currents in metallic heterostruc-
tures [24–28].
6.2 Symmetry of the terahertz emission from the heterostruc-
tures
For our experiments we studied heterostructures made of a single metallic fer-
romagnetic (FM) layer and a single metallic non-magnetic (NM) layer deposited
on a 0.5 mm thick glass substrate. The structures are very similar to those com-
monly studied in spintronics related research [4, 11, 27, 29–32]. The FM layer
chosen here is a 10 nm thick Co film. The main set of the measurements were
performed for the heterostructure with a 2 nm thick Pt NM layer. Supporting
experiments were performed using heterostructures in which the NM layer was
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Figure 6.1: Experimental schematics and symmetry of the emitted THz radiation. (a)
Layered structure under study and the scheme of the experiment. A magnetic field B=0.1
Tesla is applied in-plane along the y-axis to saturate the magnetization M. (b) Electric field
of the emitted radiation polarized along the y-axis as a function of time measured for the
opposite helicities of light. (c) The emitted radiation changes sign with magnetization.
The position of zero time is arbitrarily chosen.
a 2 nm thick Ru, Au or Cu layer. Additional measurements were performed on
a 10 nm thick Co film, with either 1.3, 2.6 or 3.9 nm thick Pt NM layer. We also
fabricated a 12 and 30 nm thick Co sample without NM layer and a 2 nm thick
Pt sample without FM layer, which acted as references. The metallic films were
deposited on a 0.5 mm thick glass substrate using an ultrahigh vacuum multitar-
get sputtering system, with a base pressure of 5 ·10−8 Torr. For each material the
deposition conditions, i.e. applied current and Argon gas flux were optimized to
achieve the best quality and reproducibility of the films. All films were deposited
with a deposition rate smaller than 1 Ångstrom per second for a good control of
the thickness. During deposition the samples are rotated to ensure uniformity
of the films. After deposition the samples were exposed to air. X-ray reflectivity
measurements were performed by a PanAnalytical X Pert PRO MRD system with
a wavelength of λ= 0.154 nm, allowing to estimate the roughness of the layers
and the interfaces. For the Co(10)/Pt(2) sample we extracted a roughness of 0.4
nm between the substrate and Co, and 1 nm between the Pt and the Co layers.
The geometry of the experiment is shown in Fig. 6.1(a). Note that all our ex-
periments are performed at room temperature. The experimental setup is com-
parable to the one we used in chapter 5. An intense laser pulse with a duration
of 50 fs and a fluence of approximately 1 mJ/cm2, the pump, is incident on the
metallic films with a spot diameter of 1 mm, inducing rapid magnetization and
current dynamics. According to the Maxwell equations, these dynamics give rise
to the emission of radiation in the terahertz (THz) spectral range, which can be
detected as a probe of these dynamics. A similar experimental approach has
been employed to generate and observe electrical photocurrents in semiconduc-
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tors lacking bulk inversion symmetry [33]. The set of unit vectors x, y and z in Fig.
6.1(a), represents the chosen coordinate system. The incident laser pulses prop-
agate along z, the magnetization is parallel to y and the x and y components of the
electric field of the emitted THz radiation are detected. This THz radiation prop-
agates first through two wiregrid polarizers, which have a transmission higher
than 95% in the range of 0 to 2 THz and have an extinction ratio for an electric
field at 1 THz of 2 ·103, enabling to separate the THz radiation polarized along
the x- and y-axis. Subsequently, the emission is collected and refocused using
two gold coated parabolic mirrors. The radiation is focused onto a ZnTe crystal
which is simultaneously gated by pulses from the laser. The electric field of the
THz radiation induces birefringence by means of the Pockels effect inside the
ZnTe crystal, causing additional ellipticity of the gating laser pulses. Measuring
this ellipticity with a balanced bridge detection scheme provides the amplitude
of the electric field of the emitted THz radiation.
The magnetization dynamics can also be observed using the magneto-optical
Kerr effect (MOKE) detected with a weak laser pulse, the probe. This probe are
pulses from the laser with a fluence ten times smaller than that of the pump.
While the pump is incident normal to the sample, the probe is incident under an
angle of 25o, allowing for spatial separation of the reflected beams. The initially
linearly polarized probe is measured after reflection on the sample, polarization
resolved with a balanced bridge detection scheme.
Note that femtosecond laser-induced emission of THz radiation polarized
perpendicularly with respect to the magnetization, i.e. along x, has been re-
ported for similar samples before [27]. The origin of this emission was assigned
to electric currents emerging due to the inverse Spin-Hall effect acting on the
spin current launched as a result of the ultrafast laser-induced heating of the fer-
romagnetic metal. As the direction of this spin current is defined by the sample
structure and magnetization, no dependence of the corresponding THz emis-
sion on the pump polarization was reported in [27] or observed by us. From Eq.
6.1, as well as from considering the Landau-Lifshitz equation, it is seen that the
helicity dependent laser-induced current is launched parallel to the magnetiza-
tion M, i.e. along the y-axis. Although a laser-induced increase of the electronic
temperature is practically unavoidable, the generation of the helicity dependent
current theoretically does not require any heating. Aiming to demonstrate the
helicity-dependent femtosecond photocurrents, we focus our attention to the
laser-induced THz emission polarized along y.
Figure 6.1(b) shows time traces of the y-component of the pump-induced
THz emission for opposite helicities of the pump light. The time-traces were ob-
tained by performing the measurements at a magnetic field of B=0.1 Tesla. The
figure clearly shows that the electric field of the emitted THz radiation changes
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Figure 6.2: The role of the symmetry breaking directionality for the THz emission in Co
(10 nm)/Pt (2 nm). The shown THz emission is odd with respect to the helicity and the
magnetization Ey ,o d d = (Ey (σ+, M +)− Ey (σ+, M−)− Ey (σ−, M +) + Ey (σ−, M−))/4. (a)
Electric field of the emitted radiation when the pump is incident from the side of the sub-
strate. (b) The same as panel (a) but for the case when the pump is incident from the side
of the Pt layer. The apparent change in delay and timescale of dynamics when reversing
the sample stems from different propagation of THz radiation and light at the wavelength
of 800 nm through the substrate. The position of zero time is arbitrarily chosen, but kept
consistent between the measurements.
sign upon reversal of the helicity. Fig. 6.1(c) shows that the emitted electric field
also changes sign upon magnetic field reversal. We found that the emission is
still present after a reduction of the applied magnetic field to zero, demonstrat-
ing a hysteretic behavior.
To reveal the role of the symmetry breaking in the helicity dependent THz
generation process, we performed the measurements for two orientations of the
sample by rotating the heterostructure around the magnetization over 180o so
that the sign of the polar vector n is reversed. Figure 6.2 shows that this rotation
leads to a change in the sign of the emitted helicity dependent THz radiation.
The apparent change in delay and timescale of the dynamics upon turning the
sample stems from the different propagation of THz radiation and pump light at
the wavelength of 800 nm through the glass substrate. Note that the observation
of the role of the symmetry breaking in the THz generation indicates that the
emitter must be of electric-dipole origin, rather than of magnetic-dipole origin,
as the former lacks space-inversion symmetry, while the latter does not.
66 Chapter 6. Helicity dependent generation of currents in metallic films
6.3 Different capping layers and fluence dependence
We also studied the laser-induced THz emission from the other samples, see for
example Fig. 6.3, and for a full overview table 6.1. This table shows that in order
to obtain an intense helicity dependent THz emission, Co must be brought in
contact with a material with a strong spin-orbit interaction, like Pt. Helicity de-
pendent THz radiation is emitted even for 12 and 30 nm thick films of pure Co.
Moreover, in Fig. 6.4 we show that this emission is also sensitive to the symmetry
breaking, in agreement with Eq. 6.1. This figure shows that for the 30 nm thick
pure Co layer, there is helicity dependent emission (Ey ,o d d ) which changes sign
when reversing the sample, while the orthogonally polarized pump polarization
independent emission (Ex ) does not change sign. This indicates that the former
emission dominantly originates from one or both of the interfaces, while the lat-
ter dominantly originates from light induced demagnetization in the bulk. The
lack of an adjacent layer with strong spin-orbit interaction makes the radiation
from pure Co weak. The relatively low emission from the Co/Au sample can at
least partly be related to the high conductivity of the Au layer. The even weaker
THz emission from the Co/Cu heterostructure is in line with the negligible spin-
orbit interaction of Cu and due to the absorption of the radiation in the Cu layer.
To emphasize that the observed helicity dependent THz emission (Ey ) is fun-
damentally different from polarization independent THz emission (Ex ) discussed
in Ref. [27], we show in table 1 that there is no fixed ratio between their ampli-
tudes for the different samples. Moreover, the polarization-dependent (Ey ) and
polarization-independent (Ex ) THz emission depend differently on the thick-
ness of the Pt-layer, see Fig. 6.5(a). It is seen that the helicity dependent emission
polarized along the y-axis hardly varies with varying thickness of the Pt capping
layer, which supports the idea that this emission is generated at the interface
of the heterostructure. Moreover, Fig. 6.5(b) shows that the electric field of the
helicity dependent emission scales nearly linearly for low fluences of the laser,
with a saturating behavior for increasing fluence. This is in agreement with Eq.
6.1, taking into account that laser-induced heating is unavoidable and results in
a conductivity change as well as a decrease in magnetization. Both of these ef-
fects can contribute to the saturation behavior shown in Fig. 6.5(b). Thereby, the
fact that the electrons are excited far above the Fermi level can also affect the effi-
ciency of a spin-orbit-interaction mechanism and may therefore also contribute
to the saturation. The observed fluence dependence shows that the helicity de-
pendent emission does not require a two-fold action of the laser light. For ex-
ample, one can exclude a scenario in which light first generates a heat driven
spin-polarized current directed into the capping layer and subsequently tilts this
current in the capping layer by a helicity-driven effect. Such a scenario would re-
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Figure 6.3: Helicity dependent electric field of the emitted radiation. The shown emis-
sion is polarized along the y-axis, odd with respect to the helicity and the magnetization
Ey ,o d d = (Ey (σ+, M +)−Ey (σ+, M−)−Ey (σ−, M +)+Ey (σ−, M−))/4 and shown for differ-
ent samples. The amplitude of the emission from the Co (12 nm) sample is shown mul-
tiplied by 10. The position of zero time is arbitrarily chosen and kept consistent between
the different samples.
sult in a super-linear intensity dependence of the THz emission.
6.4 Quantifying the photocurrent
All our experiments indicate that the emitted THz radiation is in full qualitative
agreement with the phenomenology of an interfacial helicity-dependent fem-
tosecond photocurrent as expressed in Eq. 6.1. In order to estimate the ampli-
tude of the observed photocurrent, we derive how a fast laser induced current
pulse gives rise to the emitted THz radiation. We assume a heterostructure in
the xy plane as indicated in Fig. 6.6. From Ampere’s and Faraday’s laws we can
relate the electric field of the emitted electromagnetic radiation to the current
of the medium, which in Gaussian units and in the frequency domain can be
expressed as:
− ∂
2E˜y (z )
∂ z 2
+
ω2
c 2
ε (z ) E˜y (z ) =−4piiωc 2 J˜y (z ) (6.2)
where E˜y is the y-component of the electric field, ε (z ) is the dielectric permit-
tivity, ω is the angular frequency, c is the speed of light in vacuum, J˜y is the
y-component of the current density and the ∼ symbol is used to indicate the
Fourier transform with respect to time.
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Ey , odd in helic-
ity of the pump
(V cm−1)
Ex , pump polar-
ization indepen-
dent (V cm−1)
Ey /Ex
Co(12) 0.09 3.7 0.02
Co(30) 0.13 3.8 0.034
Co(10)/Cu(2) <0.02 2.7 <0.007
Co(10)/Ru(2) 1.3 15 0.087
Co(10)/Au(2) 0.3 36 0.0083
Co(10)/Pt(2) 3.5 53 0.066
Co(10)/Pt(1.3) 3.5 23 0.15
Co(10)/Pt(2.6) 3.6 81 0.044
Co(10)/Pt(3.9) 4.1 101 0.041
Pt(2) <0.02 <0.06 -
Table 6.1: Observed maximum amplitudes of emitted electric field. The values between
brackets indicate the nominal growing thickness of the layers in nanometers. The values
in the table are shown for emission polarized parallel to the y-axis (helicity dependent)
and parallel to the x-axis (polarization independent). The values are for the pump light
incident from the side of the substrate. The noise of Ey is mainly limited by background
noise which is up to 0.02 V/cm. The noise of Ex is mainly limited by the intensity noise
of the laser, which results in an uncertainty proportional to the emission amplitude of
approximately 0.8%.
We consider the structure shown in Fig. 6.6; three metallic layers with ap-
proximately the same refractive index of which the middle layer represents the
interface exhibiting current dynamics and the two outer metallic layers are ad-
jacent to vacuum or air. We write the current density as:
J˜ (ω, z ) = J˜y (ω) [Θ (z − l )−Θ (z − l −d )] , (6.3)
whereΘ is the Heaviside function, l is the thickness of the most left metallic layer
and d is the thickness of the layer in which the current is localized. As shown in
Fig. 6.6, we are looking for solutions in the form of the sum of the fundamental
solution of the homogeneous equation and a particular solution of the inhomo-
geneous equation (6.2), from which follows:
E˜y (z ) =

Ae−i k0 z z < 0
B1e
−i k z +C1ei k z 0< z < l
B2e
−i k z +C2ei k z +ϕ l < z < (l +d )
B3e
−i k z +C3ei k z (l +d )< z < L
D ei k0 z z > L
(6.4)
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Figure 6.4: The role of the symmetry breaking directionality for the THz emission from
pure Co (30 nm). The shown THz emission is for orthogonal polarizations. (a) Electric
field of the emitted radiation when the pump is incident from the side of the substrate.
(b) The same as panel (a) but for the case when the pump is incident from the side of the
Co layer. The apparent change in delay and timescale of the dynamics when reversing the
sample stems from the different propagation of THz radiation and light at the wavelength
of 800 nm through the substrate. The position of zero time is arbitrarily chosen, but kept
consistent between the measurements.
where ϕ is a particular solution, k0 is the wave vector in air, k is the wave vector
in the metallic layers and L is the thickness of the whole heterostructure. Taking
the particular solution as a constant with respect to z , it is found from eq. 6.2 as
ϕ =− 4piiωεme t a l J˜y ≈−σ−1 J˜y , with εme t a l the permittivity of the layer where the cur-
rent is located andσ the corresponding conductivity, in accordance with Ohm’s
law. From Faraday’s law we know that the electric field of eq. 6.4 should be con-
tinuous at the interfaces. Furthermore, from eq. 6.2 follows that in the absence
of delta functions, the derivative of the electric field at the interfaces should also
be continuous. This provides the boundary conditions:
A = B1 +C1
−k0A =−k B1 +k C1
B1e
−i k l +C1ei k l = B2e−i k l +C2ei k l +ϕ
−B2e−i k l +C2ei k l =−B2e−i k l +C2ei k l
B2e
−i k (l +d ) +C2ei k (l +d ) +ϕ = B3e−i k (l +d ) +C3ei k (l +d )
−B2e−i k (l +d ) +C2ei k (l +d ) =−B3e−i k (l +d ) +C3ei k (l +d )
B3e
−i k L +C3ei k L = D ei k0 L
−k B3e−i k L +k C3ei k L = k0D ei k0 L
(6.5)
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Figure 6.5: Amplitude of the THz emission as function of the thickness of the Pt cap-
ping layer and fluence. (a) Amplitude of the helicity dependent (Ey ) and independent
(Ex ) emission as function of the Pt capping layer thickness. The Pt capping layers are
deposited on a 10 nm thick Co film. (b) Helicity dependent electric field as function of
fluence for when the pump is incident from the side of the substrate (n+) and Pt layer
(n-), respectively. The solid lines are linear regressions, which serve to guide the eye.
Solving these equations for D , i.e. the emitted electric field amplitude, provides
us with
D ei k0 L =−σ−1 J˜y k −e
i k l (k +k0)+e−i k l (k −k0)+ei k (l +d ) (k +k0)−e−i k (l +d ) (k −k0)
e−i k L (k −k0)2−ei k L (k +k0)2
(6.6)
which is the expression we used for our calculations to estimate the current den-
sity. In order to convert the emitted spectrum into the detected spectrum, the
spectrometer response has to be taken into account. In chapter 5 we describe
this spectrometer response for our setup in detail.
To estimate the strength of the photocurrent we assume that the current aris-
ing from the inversion symmetry breaking occurs only in an interface layer with
a thickness of the order of 0.5 nm, corresponding to d = 0.5 nm. The interface
thickness of 0.5 nm serves as an indicative value to estimate the order of mag-
nitude of the observed photocurrent, but in reality the thickness in which the
current is localized can be larger, which can lead to an overestimation of the cur-
rent density. For the case of magnetic centrosymmetric metals, an interface layer
with such a thickness was reported to be the source of the magnetization induced
second harmonic generation, a phenomenon which also requires inversion sym-
metry breaking [19]. Later second harmonic generation experiments, however,
have shown that the relevant thickness may actually be larger in thin films [34],
though we do not see a microscopic reason for this in the case of the reported
helicity dependent emission. On the other hand, for the polarization indepen-
6.4. Quantifying the photocurrent 71
Pump
THz
z
AirSampleAir
z=0 z=l+d
De
ik z
0
Ae
-ik z
0
C e
1
-ikz
B e
1
ikz
C e
2
-ikz
B e
2
ikz
C e
3
-ikz
B e
3
ikz

Jy
z=Lz=l
Figure 6.6: Geometry of the modelled experiment. A laser pump pulse initiates current
dynamics at the interface of two metallic layers, l < z < (l + d ). The current dynamics
in the sample is accompanied by the emission of electromagnetic radiation at terahertz
frequencies which is detected.
dent emission, the generating current should definitely be considered in a larger
area because the microscopic origin is ascribed to electron and spin diffusion,
as is explained in details in [27]. Further we took l = 10 nm and L = 12 nm. As
our spectrometer bandwidth is between 0.1 and 3 THz and the bandwidth of the
actual dynamics may be broader, we are not able to fully reconstruct J˜y . The ex-
perimental bandwidth, and therefore the time resolution, may be improved by
using a different type of non-linear electro-opic crystal (e.g. GaP) for detecting
the THz radiation. However, increasing the bandwidth of the THz spectrome-
ters leads to a reduction of the signal-to-noise ratio due to the smaller electro-
optic coefficient of such crystals. Instead, we approximate J˜y as a Gaussian func-
tion with a variable width and amplitude. The width of this Gaussian function
determines the spectral bandwidth observed and represents the timescale in
which the dynamics occur, while the amplitude of this function determines the
observed electric field amplitude and represents the maximum current density
amplitude. For the Co (10 nm)/Pt (2 nm) we used terahertz transmission spec-
troscopy to determine the conductivity, similar to what has been done in [35].
We extracted a DC conductivity of 3.0 ·105 Ω−1m−1 for this heterostructure, and
took this value constant in the frequency range of interest for determining the
current density. Note that like in ref. [35], our found thin film conductivity value
is lower than the ones reported in bulk metals. Using the exact Maxwell solu-
tion in Eq. 6.6, we arrive at an estimate for the maximum current density ampli-
tude of the helicity dependent current pulse in the Co/Pt heterostructure, which
is 4.2 ·109 A/m2. For the calculations a full-width-half-maximum of the current
pulse of about 330 fs was used, which corresponds to the time resolution of our
spectrometer.
72 Chapter 6. Helicity dependent generation of currents in metallic films
6.5 Quantifying the effective optomagnetic field
The results reported above show that the observed phenomenon obeys Eq. 6.1
and indicate sensitivity to the spin-orbit interaction at the interface between the
magnetic and non-magnetic layer. All these results are in agreement with an
inverse spin-orbit torque model. Such a model may provide an estimate for the
light induced effective magnetic field. To derive such model, we start from the
fact that an in-plane electric field E present in a magnetic bilayer structure, such
as Co/Pt, can provide a spin-orbit torque T due to spin-orbit coupling, which
acts on the magnetization. This torque can be expressed as [5]
T = t (M)E, (6.7)
where t (M) is the torkance tensor which depends on the magnetization M. In a
magnetic bilayer structure the torque is approximately determined by two torkance
terms which are respectively odd and even functions of magnetization [5, 11]:
T = to d d (n×E)× MM0 + te v e n
M
M0
×

(n×E)× M
M0

. (6.8)
with n the normal to the interface and M0 the saturation magnetization. The
corresponding torkance tensor can be written as
t (M) =
∑
i
to d d
M0
[(n×ei )×M]eTi + te v e nM 20 M× [(n×ei )×M]e
T
i (6.9)
where ei is a set of mutually orthogonal unit vectors (i=1,2,3) such that
∑
i ei e
T
i =
I, with I being the unit matrix.
Conversely, an electric current density J is induced when the magnetization
direction changes as a function of time. As this phenomenon is the reciprocal of
a spin-orbit torque, it can be expressed by the same torkance tensor [36]:
J =
1
M 20 V
t (−M)T

M× d M
d t

, (6.10)
with V the volume of the interfacial current layer, given by V = Ad where d is
the thickness of the interfacial layer. The reciprocity between spin-orbit torques
and currents induced by magnetization has been demonstrated experimentally
in (Ga,Mn)As, for both the odd and even torkance components with respect to
magnetization [7]. We can insert Eq. 6.9 into 6.10 and use M× d Md t =−γM 20 Be f f ,
as follows from the Landau-Lifshitz equation with γ being the electron gyromag-
netic ratio and Be f f the effective field induced by circular polarized light. We
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note that a light-induced effective magnetic field has indeed been recently con-
firmed in a similar heterostructure [37]. From doing this, we obtain for the cur-
rent density odd with respect to the magnetization:
Jo d d =
γto d d
M0V
∑
i
ei [(n×ei )×M]T Be f f , (6.11)
or equivalent
Jo d d =−γto d dM0V n×

M×Be f f  . (6.12)
Similarly, one obtains an expression for the current density even with respect to
the magnetization:
Je v e n =−γte v e n
M 20 V
n× M×  M×Be f f  . (6.13)
In our experiment n is along the z axis, M along the y axis and Be f f along the
z axis. Hence, Jo d d is along the y axis, while Je v e n is 0 in our experiment, from
which we can identify Jo d d = Jy . Comparing Eq. 6.1 with Eq. 6.12 provides us
with the relation
χσI =−γto d d
M0V
Be f f . (6.14)
Equation 6.12 provides us with an estimate for the effective magnetic field:
Be f f =− Jy dγ
A
to d d
, (6.15)
where we used V = Ad . Note that Jy extracted from our experiments scales with
d −1 and hence the derived effective magnetic field is independent of d .
In the previous section we estimated the current density Jy of the Co(10 nm)/Pt(2
nm) heterostructure to be 4.2 ·109 A/m2, in a layer thickness d of approximately
0.5 nm. From literature we use a value of 70 pC/m for the torkance per interfacial
area (to d d /A) [5, 11]. From this, we derive an estimate of the effective magnetic
field being 0.2 Tesla.
6.6 Summary and implications
Our experiments on the emission of THz radiation indicate that circular polar-
ized light can act as a torque on the magnetization of a thin layer of a ferromag-
netic metal. Subsequently, at the interface of this metallic layer and a metallic
layer with a significant spin-orbit coupling, a current with sub-picosecond dy-
namics can be generated. The symmetry of this interfacial helicity-dependent
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femtosecond photocurrent is as expected from the Rashba effect at the inter-
face of the metallic layers and expressed in Eq. 6.1. While our apparatus makes
no distinction between spin-polarized and spin-unpolarized currents, we anti-
cipate based on the described current generation mechanism that the generated
interfacial current is spin-polarized similar to a current passing through a ferro-
magnetic metal.
The demonstrated ultrafast generation and control of currents at the inter-
faces of magnetic multilayers opens up intriguing opportunities for fundamental
studies of spintronics and magnetic recording. In spintronic devices the direc-
tion of the current can be controlled by both voltage and magnetic field. Here
we show that the direction of sub-picosecond current pulses can be changed
contact-less, without applying a voltage, but by changing the helicity of light.
Taking into account the recent advances in focusing circularly polarized light
into sub-100 nm areas [38, 39], our discovery enables to push fundamental stud-
ies of nanospintronics into the THz frequency domain. We also believe that our
observation may pave a way towards understanding all-optical magnetization
reversal, boosting future magnetic recording technology. The mechanisms of
the recently demonstrated all-optical helicity dependent magnetic switching in
Co/Pt heterostructures [16] have already become a subject of intense debates.
However, in the models explaining the switching, the roles of the spin-orbit in-
teraction and symmetry breaking are often ignored. We show that adding a thin
capping layer with a strong spin-orbit interaction to Co results in significant en-
hancement of the helicity-dependent response of the heterostructures to an ul-
trafast optical excitation.
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CHAPTER 7
The ultrafast anomalous Hall effect
The ability to control electric currents in magnets by changing the magnetiza-
tion is one of the main principles of spin-dependent electronics (i.e. spintron-
ics). Understanding the physics of spintronics at ever faster time-scales is one
of the fundamental challenges of modern magnetism in order to increase the
speed of spintronic devices. However, most of the studies of spintronic phe-
nomena are performed at relatively low frequencies. Here we report about the
anomalous Hall effect in 4f-3d metallic alloys at THz frequencies. The strength of
the observed THz spin-dependent transport phenomenon is in good agreement
with expectations based on electronic transport measurements. Employing this
effect we succeeded to reveal ultrafast dynamics of the anomalous Hall effect
which accompanies the sub-100 ps magnetization reversal in a GdFeCo alloy.
The experiments demonstrate the ability to control THz currents in spintronic
devices magnetically and ultrafast.∗
7.1 Introduction
To develop ultrafast spintronics logic protocols for high-speed data processing,
one has to find a way to control and detect the spin-dependent transport ultra-
fast. The conventional approach to study magnetotransport is based on the ap-
plication of an electrical voltage to a sample and the detection of the subsequent
electrical current via electrodes. However, making electrical contacts that trans-
fer a picosecond short signal without substantial distortions and broadening is
rather challenging [1]. An elegant solution for the problem of ultrafast conduc-
tivity measurements can be found by using freely propagating THz waves.
To date, THz spectroscopy has been used to study magnetotransport in a
large diversity of materials [2–17]. However, only a few of these studies have been
dedicated to magnetically ordered materials and in none of these materials the
magnetization could be reversed ultrafast. To reveal sub-100 ps dynamics in the
anomalous Hall effect, we have chosen ferrimagnetic Gdx (FeCo)1−x thin films,
as they are expected to show a significant anomalous Hall effect [18–20], and are
known for their ultrafast all-optical magnetization reversal [21–26].
The studied Gdx (Fe0.875Co0.125)1−x samples are 20 nm thick amorphous films,
which have adjacent 5 nm SiN protecting layers and are deposited using mag-
netron sputtering. These samples have a ferrimagnetic ordering and an out-of-
plane magnetic anisotropy in the studied Gd concentration range (0.2<x<0.3),
∗Adapted from: T. J. Huisman, et al., Sub 100-ps dynamics of the anomalous Hall effect at THz
frequencies, submitted
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with the magnetization being dominated by the FeCo magnetic sublattice at room
temperature. At lower temperatures the magnetization of the Gd magnetic sub-
lattice may start to dominate. The temperature at which this happens is known
as the magnetization compensation temperature, the value of which can be tuned
with the concentration of Gd.
7.2 Static roomtemperature measurements
Our experimental setup is presented in details in Fig. 3.3(b) of chapter 3. It con-
sists of a THz time domain spectrometer designed to allow simultaneous exci-
tation of the sample with an intense optical pump and detecting changes in a
THz probe pulse, see also Fig. 7.1(a). The polarization of the incident THz ra-
diation is set by a wiregrid polarizer. Another pair of wiregrid polarizers put af-
ter the sample is used to reconstruct the polarization state of the THz radiation
transmitted through the sample. The sample is situated inside a cryostat with a
superconducting magnet. The bias magnetic field is applied along the normal
of the sample.
In Fig. 7.1(b) we show examples of the transmitted terahertz waveforms,
measured without the laser pump present, for the Gd0.25(FeCo)0.75 sample. The
top window of this figure shows the transmission when the THz polarizers be-
fore and after the sample are oriented parallel. It is clear that the transmitted
electric field is time resolved with a sub-picosecond resolution and that apply-
ing an external magnetic field of opposite polarity does not induce significant
changes to the observed electric field. The lower panel of Fig. 7.1(b) shows the
electric field for the case when the THz polarizers before and after the sample are
crossed. The difference between the outcomes of the experiments with parallel
and crossed polarizers reveals a rotation of the polarization of the THz radia-
tion. Both magnetization dependent and magnetization independent polariza-
tion rotations are observed here, the former is ascribed to the Faraday effect in
the sample, while the latter arises due to linear dichroism in the windows of the
cryostat.
Experimentally we can determine the Faraday rotation θF by determining
the absolute rotation as described in [27], for opposing applied magnetic fields
strong enough to saturate the magnetization, taking the difference and dividing
by two. In Fig. 7.1(c) we show with dots the measured Faraday rotation at THz
frequencies as function of field for three different Gdx (FeCo)1−x samples, with-
out pump present. Every dot represents the mean THz rotation averaged be-
tween 0.5 and 1 THz, measured for two orthogonal incident polarizations. Only
the Gd0.2(FeCo)0.8 sample showed a small measurable in-plane anisotropy and
magnetic field induced ellipticity. The Faraday rotations of 7.1(c) are compared
with the solid lines representing the magnetization as measured with a vibrating
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Figure 7.1: Schematics and room temperature measurements. (a) THz radiation is trans-
mitted through GdFeCo films. The wiregrid polarizers WP1, WP2 and WP3 allow for po-
larization resolved measurements. Additionally an optical pump pulse can be used to
change the transport properties of the metallic films. (b) Observed THz transmission
traces for the Gd0.25(FeCo)0.75 sample. The top panel shows the transmission when WP1
and WP2 are parallel to each other, while the lower panel shows the transmission when
WP1 and WP2 are 90
o rotated with respect to each other. WP3 always stays fixed at 45
o. B+
corresponds to an applied field of 0.3 Tesla, and B- corresponds to an applied field of -0.3
Tesla. (c) The dots represent the Faraday rotation at THz frequencies for the Gdx (FeCo)1−x
samples, shown as function of applied field and averaged between 0.5 and 1 THz. The
solid lines are measurements of the magnetization using a vibrating sample magnetome-
ter.
sample magnetometer (VSM). An appreciable agreement can be found between
the two different data sets.
7.3 Relating the Faraday rotation and the anomalous Hall effect
In order to gain insight how the Faraday effect at THz frequencies occurs and to
make quantitative estimates of it, we consider a thin film which is isotropic in-
plane and has out-of-plane magnetic anisotropy, parallel to zˆ. We also assume
the incident radiation propagates parallel to zˆ. In this case we can write the rel-
evant permitivity tensor as
ε=

εx x εx y (M )−εx y (M ) εx x

. (7.1)
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The eigenvectors of this matrix show that the proper basis is left- and right-handed
circular polarization, with corresponding refractive indices n+ =
Æ
εx x + iεx y
and n− =
Æ
εx x − iεx y . To find analogy with the experiments it is worth to as-
sume incident linearly polarized light in a Cartesian coordinate system, trans-
form this to circularly polarized light interacting with the medium and transform
the transmitted circularly polarized light to Cartesian coordinates again. In Jones
matrix formalism this would look like:
E ′x
E ′y

=
1
2

1 1
i −i

t+ 0
0 t−

1 −i
1 i

Ex
Ey

=
1
2

t−+ t+ i (t−− t+)−i (t−− t+) t−+ t+

Ex
Ey

,
(7.2)
where Ex and Ey are the incident electric fields, E
′
x and E
′
y are the transmitted
electric fields and t+ and t− are the transmission coefficients for circularly polar-
ized waves. Assuming the incident radiation is given by Ex = 1 and Ey = 0, the
Faraday rotation can be represented by [27]
θF = Re

tan−1

E ′y
E ′x

= Re

tan−1

−i t−− t+
t−+ t+

, (7.3)
and the magnetization induced ellipticity by
η=
sin−1

tanh

Im

tan−1

E ′y
E ′x

2
=
sin−1

tanh

Im

tan−1
−i t−−t+t−+t+ 
2
. (7.4)
For optically thick samples the transmission coefficients for a single THz pulse
would simply be given by multiplying the Fresnel transmission coefficients at the
surfaces, and taking into account phase delay and absorption inside the sample.
However, THz radiation takes much less than a picosecond to propagate through
our metallic films and hence the samples should be regarded as a Fabry-Pérot
ethalon. Assuming the wavevector inside the metallic films multiplied with the
total thickness of these films is much smaller than 1, and if the refractive index
of the medium is much larger than the ones of the surrounding media, we can
write [28]
t± ≈ 2n1(n1 +n2)− i d ωc n±2 , (7.5)
where n1 and n2 are the refractive indices of the surrounding media,ω is the an-
gular frequency, c the speed of light, and d the thickness of the medium. From
the Maxwell equations it can be shown that the permitivity is related to the con-
ductivity by
ε (ω) = ε∞+
σ (ω)
ω
i , (7.6)
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where ε∞ is the frequency independent permittivity, ε0 is the vacuum permittiv-
ity, and σ (ω) is the optical conductivity. For metals the conductivity is typically
much larger than the frequency independent permittivity. Equation 7.5 together
with the vacuum impedance Z0 = 1/c ε0 gives in this case:
t± ≈ 2n1
(n1 +n2) +Z0d
 
σx x ± iσx y  , (7.7)
which resembles the commonly used Tinkham equation [29]. We can give the
Faraday angle as follows
θF = Re

tan−1

−i 1/t+−1/t−
1/t+ +1/t−

≈Re

Z0dσx y
n1 +n2 +Z0dσx x

, (7.8)
for which we assumed small rotations as to approximate tan−1 (x )≈ x . Similarly,
we can write
η≈ 1
2
Im

Z0dσx y
n1 +n2 +Z0dσx x

. (7.9)
To relate the optical conductivity to the conductivity as measured with DC
electronic transport measurements, assumptions have to be made on the move-
ment of electrons. This is most commonly done with the Drude model, also
for the transmission measurements at THz frequencies. To implement also the
anomalous Hall effect, we consider the movement of free electrons as a function
of frequency in an xy plane perpendicular to the magnetization described by the
following two equations of motion (in the spectral domain):
−mω2 x0− mτ iωx0−λy0 =−e Ex 0 (7.10)
−mω2 y0− mτ iωy0 +λx0 =−e Ey 0 (7.11)
where m is the electron mass,τ is the scattering time,λdescribes the anomalous
Hall effect, e the electron charge, and Ex 0 and Ey 0 are the complex electric field
amplitudes applied along x and y , respectively. Note that for the normal Hall
effect λ= iωe B , with B being the externally applied magnetic field. Solving the
equation of motions with respect to x0 and y0 gives in matrix formalism:
x0
y0

=− e −mω2− iωmτ 2 +λ2
−mω2− iωmτ λ−λ −mω2− iωmτ

Ex 0
Ey 0

. (7.12)
Our measurements indicate that the longitudinal conductivity at THz frequen-
cies is not significantly affected by the anomalous Hall effect for our studied ma-
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terials. This allows us to approximate
x0
y0

≈ e
mω2 + iωmτ

1 − λ
mω2+ iωmτ
λ
mω2+ iωmτ
1

Ex 0
Ey 0

. (7.13)
The permittivity of the electrons can be expressed in the movement of electrons
by εE = −N e x, where N is the number of electrons, and hence if ε∞ is small,
σE≈−ωi N e x. This gives
σ ≈ N e 2τ
m (1− iωτ)

1 iτλmω(1−iωτ)− iτλmω(1−iωτ) 1

. (7.14)
From this, we can see that only ifλ is proportional toω, we can get non-diverging
off-diagonal conductivity terms forω→ 0, which physically should be the case.
In other words, λ should depend on the velocity of the electrons, similar as for
the case of the normal Hall effect. Hence we use a new definition: iωλ∗ = λ, so
that
σ ≈ N e 2τ
m (1− iωτ)

1 − τλ∗m (1−iωτ)
τλ∗
m (1−iωτ) 1

. (7.15)
From this we can define the longitudinal conductivity as
σx x =σx x (0)
1
1− iωτ (7.16)
with
σx x (0) =
N e 2τ
m
(7.17)
and the anomalous Hall effect conductivity as
σx y =σx y (0)
1
(1− iωτ)2 (7.18)
with
σx y (0) =±N e
2τ2λ∗
m 2
. (7.19)
It follows that
σx y
σx x
=
σx y (0)
σx x (0)
1
1− iωτ (7.20)
and the estimated Faraday rotation and magnetization induced ellipticity in the
Drude model for the case when Z0dσx x  (n1 +n2) are then given by
θF ≈ σx y (0)σx x (0)
1
1+ (ωτ)2
(7.21)
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η≈ 1
2
σx y (0)
σx x (0)
ωτ
1+ (ωτ)2
(7.22)
For GdCo and GdFe thin films with a Gd concentration close to 25%, litera-
ture reports
σx y (0)
σx x (0)
to be in the range from 0.02 to 0.04 [18–20]. Since for metals a
scattering time in the order of 10 femtoseconds is common [30], we can expect
to measure a Faraday rotation in the order of 1 or 2 degrees and a negligible el-
lipticity. As is shown and discussed in the previous section, this is exactly what
we retrieved experimentally.
7.4 Static temperature dependent measurements
It is known that both magnetotransport and the Faraday effect can show mag-
netic sublattice sensitivity [28, 31–34]. To confirm whether the THz Faraday rota-
tion has also magnetic sublattice sensitivity, we performed temperature resolved
measurements. In 7.2(a) we show with dots the mean Faraday rotation at THz
frequencies as a function of temperature for the Gd0.25(FeCo)0.75 sample. The in-
cident polarization of the THz radiation is kept fixed. It is clear that from 250
K to 265 K the Faraday rotation changes sign as expected when one of the mag-
netic sublattices is dominating, while the THz transmission (not shown) is nearly
independent of temperature between 150 and 300K. Note that the used alternat-
ing field of+/- 0.5 Tesla is smaller than the coercive fields near the compensation
temperature. To resolve the compensation temperature better, we fixed the THz
polarizers in cross polarized orientation and scanned the field for different tem-
peratures, resulting in Fig. 7.2(b). It is clear that between 256 and 260 K the co-
ercive field diverges and the sign of the observed Faraday rotation changes. The
seemingly different onset of the compensation temperature as observed in the
Faraday rotation and VSM measurements shown in Fig. 7.2(a), are likely due to
the different calibrations of the temperature used in the different experimental
setups.
7.5 Laser induced changes to the anomalous Hall effect
To demonstrate the ultrafast light induced modulation of the anomalous Hall ef-
fect, we illuminated the Gd0.25(FeCo)0.75 sample with a 50 fs short pump pulse,
which has a photon energy of 1.55 eV and a fluence of about 7 mJ/cm2. The
top panel of Fig. 7.3(a) shows the transmitted waveforms of the THz radiation
just before the arrival moment of the pump pulse on the sample (closed sym-
bols) and 600 picoseconds after the arrival (open symbols). It is seen from the
figure that the femtosecond optical excitation does not change significantly the
THz transmission neither for positive, nor for negative applied magnetic field.
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Figure 7.2: Temperature dependence of the Faraday rotation at THz frequencies for the
Gd0.25(FeCo)0.75 sample. (a) The Faraday rotation is defined here as the difference in ro-
tation measured for 0.5 and -0.5 Tesla external applied fields, divided by 2 and averaged
between 0.5 and 1 THz. The solid black line near the bottom shows the magnetization as
measured with a vibrating sample magnetometer, with near zero external applied field.
The solid line overlapping the Faraday rotation measurements is a fit used to guide the
eye. (b) The peak values of the cross polarized transmission is normalized to give the
Faraday rotation as function of field and temperature. The separate graphs are shifted
vertically for clarity.
However, the lower panel of Fig. 7.3(a) shows that if we perform the same ex-
periment when the incident and detected THz polarization are cross polarized,
both the pump and the field induce changes in the observed waveforms. This
data shows a clear indication that 600 picoseconds after the arrival time of the
pump, a noticeable modification of the Faraday effect is observed, which is most
pronounced close to the peak of the THz electric field.
To investigate the origin of the observed photoinduced changes in the Fara-
day effect we repeated the THz transmission experiment displayed in Fig.7.3(a),
but now looking at the maximum of the transmitted THz waveform and varying
the time delay between the arrival of the pump and THz pulses to the sample.
The top panel of Fig. 7.3(b) shows the photo-induced signal that is even in ap-
plied magnetic field as a function of the pump time delay. It is seen that in the
first few picoseconds the pump pulses induce a change in the transmission of
about 1% which recovers on a time scale close to 100 picoseconds, as shown in
the top panel of Fig. 7.3(c). The lower panels of Fig. 7.3(b) and (c) show a similar
type of experiment, but now for crossed polarizers. Again, we measure the peak
of the transmitted terahertz field, scanning the time delay of the pump pulses.
We focus on the contribution odd in applied magnetic field that corresponds to
the photoinduced change of the Faraday effect. The traces shown in the lower
panels of Fig. 7.3(b) and (c) appear to be very similar to typical pump-probe
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Figure 7.3: Pump induced dynamics to the transmission of THz radiation in the
Gd0.25(FeCo)0.75 sample. (a) The transmission is shown when WP1 and WP2 are paral-
lel oriented (top panel) and when they are 90o rotated with respect to each other (lower
panel). The blue and black symbols correspond to a 1 and -1 Tesla magnetic field applied,
respectively. The closed dots correspond to a pump pulse arriving at the sample 20 ps after
the THz radiation past through, while the open dots correspond to a pump pulse arriving
at the sample 600 ps before the THz radiation is passing through. The sample temper-
ature is set to 235 K. (b) Pump induced dynamics on the peak of the THz transmission
shown in figure (a). The top panel represents the pump-induced dynamics in the nor-
mal THz transmission, while the lower panel represents the pump-induced dynamics in
the Faraday rotation corresponding to the anomalous Hall effect. The closed black dots
correspond to a sample temperature of 240 K, while the open blue dots correspond to a
sample temperature of 280 K. (c) Same as (b), but now for a longer timescale. The error
bars in (b) and (c) are representative for the estimated standard deviation in these graphs,
while the solid lines are fits to guide the eye.
traces used for monitoring ultrafast magnetization dynamics by means of the
Faraday effect, but now with the probe at THz frequencies.
One can see that on short timescales (lower panel of Fig. 7.3(b)) both below
and above the compensation temperature, there is a fast reduction of the Fara-
day rotation. This ultrafast dynamics of the Faraday rotation representing the
anomalous Hall effect can be due to laser-induced dynamics of both electrons
and spins. Note that the dynamics of the transmission, which is expected to be
dominated by the dynamics of the electrons, is very similar to the dynamics of
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the Faraday rotation on the timescale of a few ps. However, on the timescale of
a few hundred picoseconds, the Faraday rotation changes shown in the lower
panel of Fig. 7.3(c) exhibit clearly distinct dynamics compared to the transient
transmission, showing that the changes in the Faraday signal are not purely the
consequence of a photoinduced change in the conductivity. The character of the
Faraday dynamics changes drastically above and below the magnetization com-
pensation temperature, indicating that the Faraday dynamics is affected by the
dynamics in the magnetic ordering. As the Faraday signal represents the anoma-
lous Hall effect, we conclude that this observation represents the photoinduced
modification of the anomalous Hall effect due to the magnetization dynamics.
Obviously, after laser excitation the magnetization should relax to one of the
metastable states. While above the compensation temperature we observe that
the Faraday signal is restored to the initial state on a timescale of a few hundred
picoseconds, below the compensation temperature but on the very same time-
scale, it is seen that the system relaxes to another magnetic state. The time de-
pendence of the Faraday signal follows exactly the dynamics expected from laser
induced magnetization reversal [22–24, 26]. Especially at higher fields, like the
ones used here, it can be expected that when the sample is heat-driven across
the compensation temperature, the magnetization should reverse. We note that
our THz probe has a diameter of about 2.5 mm on the sample, while our pump
pulses have a diameter which is almost twice as narrow. It can therefore be ex-
pected that a full reversal of the magnetization is not shown as a change in the
magnetization of 200%, but much less. Taking also into consideration that most
likely only close to the middle of the pump spot the magnetization reverses, a
change in the cross polarized THz transmission of a few tens of percent can in-
deed be expected.
7.6 Conclusions
To conclude, we have performed a study on the temporal evolution of terahertz
spin-dependent transport with sub-picosecond resolution. Particularly, we have
measured the polarization state of the THz-pulse after an interaction with GdFeCo
thin films that is connected to the anomalous Hall effect in these materials. The
strength of the anomalous Hall effect at terahertz frequencies can be largely re-
duced by a femtosecond laser excitation on a sub-100 ps timescale. Our experi-
ment mimics sub-100 ps operation of a spin transistor, in which the source-drain
voltage is applied from a freely propagating THz wave and a femtosecond laser
pulse plays the role of the gate by acting on the magnetic ordering. Our proof-
of-principle experiment demonstrates the feasibility to reveal the fundamental
and practical limitations on the speed of magnetic control of conductivity and
thus to define the ultimate speed for the operation of spintronic devices.
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Summary and outlook
Controlling electronic charge transport with magnetization, i.e. spintronics, has
revolutionized how information is stored and processed in the last few decades.
The electronic aspect of spintronics allows for fast operation and easy imple-
mentation in fabrication processes and devices. On the other hand, the mag-
netic aspect allows for stable magnetic storage of information and it allows for
alternative transport of information without the commonly present electronic
dissipations. To develop spintronics further into the ultrafast operation regime,
i.e. subpicoseconds (10−12 seconds) or terahertz (THz, 1012 Hertz) frequencies,
is a major next challenge. The work presented in this thesis is dedicated to these
aspects that are crucial for the development of ultrafast spintronics.
As a first step towards this goal, we explored several ways in which THz time-
domain spectroscopy can be employed as an ultrafast Ampèremeter and magne-
tometer in materials relevant for spintronics. It was shown before that THz time-
domain spectroscopy techniques could be used to measure the conductivity of a
material. In a similar approach, we applied THz time-domain spectroscopy to a
magnetically ordered semiconductor, as shown in chapter 4. Here we show that
the transmission of THz radiation is not only sensitive to the conductivity, but
also to the magnetic ordering of the material. The dependence of the observed
magneto-optical transmission on the applied magnetic field and temperature
is analogous to the behavior of the anisotropic magnetoresistance as measured
with conventional electronic contacts.
Furthermore, it has been shown that ultrafast changes to the magnetization
can result in the emission of THz radiation. Up till now, this approach has found
little use for studying laser induced magnetization dynamics, while it has the po-
tential to provide distinct information from the commonly used optical pump-
probe method. We therefore investigated both methods by applying them si-
multaneously to different types of samples. The results, as reported in chapter
5, indicate that the two techniques are complementary to each other. In partic-
ular, in this chapter we observe distinct dynamics with the two techniques for
the material neodymium iron cobalt. We ascribe this observation to the orbital
moment of this material.
As a continuation we employed THz spectroscopy to investigate ferromag-
netic metallic layers capped with non-magnetic metallic layers having a signifi-
cant spin-orbit coupling. It is known that interesting spintronic effects may oc-
cur when electrons with a preferred spin direction from the ferromagnetic layer
enter the non-magnetic layer. In such cases, the spin-orbit interaction in the
non-magnetic layer will change the direction in which electrons propagate, de-
pending on their spin direction. Similar interesting effects may occur at the in-
terface of the two materials. We found that this effect allows us to generate an
ultrafast current using light, as described in chapter 6. The direction of this gen-
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erated current is fully determined by the polarization of light, the initial magne-
tization direction and the growth order of the two metallic layers.
Finally, in chapter 7 we describe an experiment which encompasses our set
goals for investigating THz spintronics. In this chapter we show that THz radi-
ation can measure magnetotransport analogous to the anomalous Hall effect in
thin metallic films. Furthermore, we show that a laser can induce sub-100 pi-
cosecond dynamics to it, demonstrating that we can ultrafast manipulate the
anomalous Hall effect. In fact, this experiment mimics sub-100 picoseconds
operation of a spin transistor, where the source-drain voltage is applied from a
freely propagating THz wave and a femtosecond laser pulse plays the role of the
gate by acting on the magnetic ordering.
To some extend we have met our set goals, but there are ample opportuni-
ties for continuation and alternative experiments. For instance, one could try to
apply THz plasmonics in order to enhance magneto-optical effects at THz fre-
quencies or study different spintronic heterostructures, like trilayers, antiferro-
magnetic insulators, topological insulators or superconductors. Many of these
approaches we have briefly tried or want to try, but for sure they deserve more
attention. Recently, we are developing THz spectroscopy in combination with
magnetic fields of a few Tesla. Especially for anti-ferro- and ferrimagnets such
high fields could be interesting, as such field strengths can perturb their mag-
netic ordering. Even more exciting would be to use magnetic fields strengths of
over thirty Tesla, as provided by high-field magnetic laboratories. Additionally
we want to explore the possibilities of using free-electron lasers in order to gen-
erate intense THz radiation, so that the THz radiation can be also employed as
a non-linear stimulus of electron and magnetization dynamics. It are these type
of developments which enable even more ways for realizing unique studies and
ultrafast spintronics.
Samenvatting en vooruitzicht
De controle van elektronisch ladingstransport met magnetisatie, dat wil zeggen
spintronica, heeft in de afgelopen decennia een revolutie teweeggebracht in hoe
informatie wordt opgeslagen en verwerkt. Het elektronische aspect van spin-
tronica zorgt voor een snelle werking en eenvoudige implementatie in de fab-
ricage processen en apparaten. Aan de andere kant kunnen de magnetische
eigenschappen gebruikt worden voor een stabiele magnetische opslag van in-
formatie en het zorgt voor alternatieve manieren van informatieoverdracht zon-
der de gebruikelijk aanwezige elektronische verliezen. Om spintronica verder
te ontwikkelen in het ultrasnelle regime, dat wil zeggen op de sub-picoseconden
(10 −12 seconden) tijdschaal of terahertz (THz, 1012 Hertz) frequenties, vormt een
belangrijke volgende uitdaging. Het werk beschreven in dit proefschrift is gewijd
aan het aanpakken van de problemen die zich voordoen bij het ontwikkelen van
ultrasnelle spintronica.
Als een eerste stap op weg naar dit doel, onderzochten we verschillende ma-
nieren waarop THz tijdsdomein spectroscopie kan worden gebruikt als een ul-
trasnelle Ampéremeter en magnetometer, in materialen die relevant zijn voor
spintronica. Eerder werd aangetoond dat THz tijdsdomein spectroscopie tech-
nieken kunnen worden gebruikt om de geleiding van een materiaal te meten. In
een vergelijkbare aanpak, pasten wij THz tijdsdomein spectroscopie toe op een
magnetisch geordende halfgeleider, zoals beschreven in hoofdstuk 4. Hier laten
we zien dat de transmissie van THz straling niet alleen gevoelig is voor de gelei-
ding, maar ook voor de magnetische ordening van het materiaal. De afhanke-
lijkheid van de waargenomen magneto-optische transmissie op het aangelegde
magnetisch veld en temperatuur is analoog aan het gedrag van de anisotropische
magnetoweerstand, zoals gemeten met conventionele elektronische contacten.
Verder was reeds aangetoond dat ultrasnelle veranderingen in de magneti-
satie kan leiden tot de emissie van THz straling. Tot nu toe is deze benader-
ing weinig gebruikt voor het bestuderen van lasergeïnduceerde magnetisatiedy-
namica, terwijl het de mogelijkheid geeft tot alternatieve informatie in verge-
lijking met de gebruikelijk toegepaste optische pump-probe methode. We on-
derzochten daarom beide methodes door ze tegelijk toe te passen op verschil-
lende soorten materialen. De resultaten, zoals weergegeven in hoofdstuk 5, laten
zien dat de twee technieken complementair aan elkaar zijn. We zien in het bi-
jzonder in dit hoofdstuk dat de twee technieken verschillende dynamica laten
zien voor het materiaal neodymium ijzer kobalt. We verklaren deze waarnem-
ing met behulp van het baan moment van dit materiaal.
Voor vervolg onderzoek pasten we THz spectroscopie toe op ferromagnetis-
che metallische lagen, afgedekt met niet-magnetische metallische lagen met een
significante spin-baan koppeling. Het is bekend dat interessante spintronische
effecten kunnen optreden wanneer elektronen met een voorkeursspinrichting
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van de ferromagnetische laag de niet-magnetische laag binnen gaan. In zulke
gevallen, zal de spin-baan koppeling in de niet-magnetische laag de bewegings-
richting van de elektronen veranderen afhankelijk van hun spinrichting. Verge-
lijkbare interessante effecten kunnen optreden aan het grensvlak van de twee
materialen. Wij vonden dat dit effect gebruikt kan worden om een ultrasnelle
stroom met behulp van licht te genereren, zoals beschreven in hoofdstuk 6. De
richting van de opgewekte stroom wordt volledig bepaald door de polarisatie van
licht, de originele magnetisatierichting en de groei volgorde van de twee metaal-
lagen.
Tenslotte, beschrijven wij in hoofdstuk 7 een experiment die onze gestelde
doelen omvat voor het onderzoeken van THz spintronica. In dit hoofdstuk laten
we zien dat THz-straling magnetotransport analoog aan het anomale Hall-effect
in dunne metallische films kan meten. Verder laten we zien dat een laser sub-
100 picoseconde dynamica in dergelijke films kan induceren, waaruit blijkt dat
we het anomale Hall-effect ultrasnel kunnen manipuleren. In feite bootst dit
experiment de sub-100 picoseconden werking van een spin transistor na, waar-
bij de source-drain spanning wordt aangeboden door een vrij voortbewegende
THz golf en een femtoseconde laserpuls de rol speelt van de gate, door het ma-
nipuleren van de magnetische ordening.
Tot op zekere hoogte hebben we aan onze gestelde doelen voldaan, maar
er zijn nog volop mogelijkheden om verder te gaan en voor alternatieve experi-
menten. Zo kan men proberen om THz plasmonica toe te passen om magneto-
optische effecten bij THz frequenties te versterken. Men kan ook verschillende
spintronische heterostructuren bestuderen, zoals trilayers, antiferromagnetis-
che isolatoren, topologische isolatoren of supergeleiders. Veel van deze moge-
lijkheden hebben wij al kort geprobeerd of willen we gaan proberen, maar ze
verdienen zeker meer aandacht. Onlangs zijn we begonnen met het ontwikkelen
van het gebruik van THz-spectroscopie in combinatie met magnetische velden
van een paar Tesla. Vooral voor anti-ferro- en ferrimagneten zijn zulke hoge
velden interessant, omdat zulke veldsterktes de magnetische ordening kunnen
verstoren in deze materialen. Het zou nog spannender zijn om veldsterktes van
meer dan dertig Tesla te gebruiken, zoals aanwezig zijn in hoge veld laborato-
ria. Daarbij willen wij ook de mogelijkheden bekijken voor het gebruik van vrije
elektronen lasers om intense THz straling te genereren, zodat de THz straling
eveneens gebruikt kan worden als een niet-lineaire stimulus voor elektronen en
magnetisatiedynamica. Het zijn dit soort ontwikkelingen die nog meer manieren
van unieke studies en ultrasnelle spintronica mogelijk maken.
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